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ABSTRACT
The performance of different pavement maintenance treatments were evaluated by
investigating practical projects collected from Tennessee Pavement Management System
(PMS) and Long Term Pavement Performance (LTPP) database. The influence of factors
on the effectiveness, cost-effectiveness and cracking initiation of different treatment were
evaluated by “Optime”, multiple linear regression and parametric survival analysis.
Pavement roughness, pavement serviceability index (PSI) and the initiation time of
cracking were used as pavement performance indicators.

Investigation on the pavement maintenance projects in Tennessee by Optime and
multiple linear regression analysis indicated that HMA overlay had the highest
effectiveness, followed by mill & fill and micro surfacing. Due to the relatively low cost,
micro surfacing was the most cost-effective treatment, followed by HMA overlay and
mill & fill. The effectiveness and cost-effectiveness decreased with the increase of traffic
level and pre-treatment pavement condition.

Investigation on the LTPP resurfacing treatments indicated that thick overlay and milling
reduced the roughness after rehabilitation. Thin overlay, high traffic level and poor prerehabilitation pavement condition increased the deterioration rate of new overlay. Using
reclaimed asphalt material did not influence the treatment performance but was costeffective in reducing the roughness of new overlay. For a certain deterioration rate, there
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was an optimized pre-rehabilitation roughness value or time for applying maintenance
treatment.

Survival analysis on the crack initiation of asphalt overlay indicated that high traffic level
accelerated the initiation of cracking. Thick overlay delayed the initiation of cracking
except for the non-wheel path longitudinal crack. Mill retarded the occurrence of the nonfatigue cracks, whereas severe freeze thaw condition accelerated the occurrence of the
two types of cracking. Using 30% RAP accelerated the initiation of longitudinal fatigue
crack on wheel path but did not cause serious fatigue problem.

The performance curves of HMA resurfacing treatments used in Tennessee were
calibrated by investigating the influence of different factors on the slopes and intercepts
of post-treatment performance curves. The analysis indicated that pavement with high
pre-treatment PSI, thick overlay and deep milling had low deterioration rate, whereas
pavement with higher traffic level deteriorated faster.

Keywords: Pavement maintenance, Performance model, Cost-effectiveness, Multiple
linear regression, Survival analysis
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PART 1 RESEARCH BACKGROUND AND OBJECTIVES

1

1.1 Research Background

With most highway systems in place, an increasing emphasis has been placed on
pavement maintenance and preservation. Pavement maintenance can enhance pavement
performance and retard future deterioration by addressing minor distress and improving
functional conditions (O’Brien 1989). Figure 1.1 shows the percent of funding for
pavement new construction and preservation in USA at 2009. It can be seen that
pavement maintenance and rehabilitation consume the majority of the pavement funds.
Selecting the right pavement maintenance strategy considering the pavement condition,

Percent of total funds (%)

traffic level and desired performance period is an important issue for highway agencies.

70
60
50
40
30
20
10
0
Highway
system
preservation

New highway
capacity

Others

Figure 1.1 Funding for highway construction and preservation (Newton, 2009)

Pavement Management System (PMS) is a set of tools that assists decision-makers in
finding optimum strategies for providing, evaluating, and maintaining pavement in a
serviceable condition over a period of time. It generally includes two parts: the data base
1

part which monitors and collects the pavement related data and the decision making part
which aims to help highway agencies develop optimum maintenance strategies.
Successful application of PMS plays an important role for the enhancement of pavement
maintenance decision making. PMS and integrated pavement maintenance decision
making function can use the expected impact of maintenance treatments on the future
pavement performance to identify pavement segments that need treatment and select the
appropriate treatment.

One critical factor in pavement maintenance decision making is to determine the
effectiveness of various maintenance treatments from the perspectives of both cost and
benefits (Labi et al. 2006). Thorough investigation into practical projects is necessary to
evaluate treatment effectiveness which is improved pavement performance due to
maintenance treatments.

1.2 Research Objectives and Significance

This research aims to enhance the pavement decision making by evaluating the
performance of different pavement maintenance treatments. The objectives of this
proposed research are as follows:
1. To evaluate effectiveness and cost-effectiveness of typical pavement maintenance
treatments currently used in Tennessee and the Unite State;
2. To evaluate the influence of different factors on the effectiveness and costeffectiveness of maintenance treatments. Those factors include pre-treatment
2

pavement condition, traffic level, overlay thickness, climatic condition, material
and other related factors.

Due to limited data and analysis methods, limited conclusions were attained in previous
studies. Currently, various pavement maintenance activities have been serving for
sufficient years. The long term effect of those treatments in reducing the pavement
roughness, improving the pavement riding quality, repairing pavement distress and
retarding the pavement deterioration can be observed. It is timely and of great importance
to take a deep investigation into the performance of the maintenance treatments.
Comparing with previous studies, more pavement performance indicators, new measures
of effectiveness and more influencing factors are included to evaluate the performance of
different treatments. In view of the large number of factors included in the analysis and
existence of uncensored data, two statistical methods (multiple regression and survival
analysis) are employed to build the multiple variable models.

1.3 Research Plan and Methodology
Figure 1.3 shows the research plan. The main task of this research is to analyze the
influence of different factors including different treatment methods on treatment
performance. The following is a detailed discussion of each part, including data sources,
pavement indicators, influencing factors and analysis method.

3

Evaluate Effects of Treatments

Data sources

TDOT PMS
LTPP Database

IRI

Pavement Performance Indicators

PSI
Cracking

Overlay Thickness
Milling
Material

Influencing Factors
Pre-treatment Condition
Optime
Multiple Regression

Traffic

Analysis Methods

Environment

Survival Analysis

Figure 1.2 Main tasks of the research

1.3.1

Data Source

Two databases are investigated in this study: the Pavement Management System (PMS)
used by Tennessee Department of Transportation (TDOT) and the Long Term Pavement
Performance (LTPP). TDOT’s current PMS is Highway Pavement Management
Application (HPMA) developed by Stantec Inc.. TDOT has been systematically
collecting the pavement condition data sine the 1990s. The pavement condition data are
collected every two years on state routes and every year on interstates. LTPP program
was established as part of the Strategic Highway Research Program (SHRP) in 1987 and
managed by the Federal Highway Administration (FHWA). (Hanna, 1994) It has
monitored more than 2,400 pavement test sections across North America and includes
several specific experiment sections (GPS-6B, SPS-3, and SPS-5) specifically designed
to evaluate the effects of pavement maintenance treatment.
4

To prepare the data for analysis, historical pavement maintenance projects are collected.
The project related information, including treatment method, overlay thickness,
application time, project locations are identified. Then, pavement related information
including performance indicators, climatic condition, traffic level and material properties
are collected from the two databases to build the effectiveness models.

1.3.2

Pavement Performance Indicators and Measures of Effectiveness

Selecting appropriate pavement performance indicators and measures of treatment
effectiveness are two important prerequisites to evaluate the performance of maintenance
treatments. Two types of pavement performance indicators are investigated in this study:
roughness and cracking.

Roughness type performance indicators include International Roughness Index (IRI) and
Present Serviceability Index (PSI). Roughness is the accumulated longitudinal
irregularities in the pavement surface. High roughness values indicate lower level
smoothness of the pavement surface. PSI is a 5-point ride quality rating of the pavement
and is usually calculated from IRI. High PSI value means better riding quality. LTPP
database uses roughness data as a main pavement performance indicator. HPMA use (PSI)
as an important pavement performance indicator. The effectiveness in terms of roughness
includes initial effects and long-term effects. The initial effects are the post-treatment
IRI/PSI value and the IRI/PSI change after overlay. The long-term effects include the rate
of IRI/PSI change after overlay and the benefit which is the area bounded by the pre-
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treatment and post-treatment performance curves, the higher threshold and the treatment
service lives.

The initiation time of cracking on the pavement surface is used as another treatment
performance indicator to evaluate the effect of different treatment on retarding the
occurrence of pavement distress. The cracking data are collected from the LTPP database.
After identifying specific pavement maintenance experiment road sections, historical
pavement distress data are collected. The initiation time of different cracking then can be
determined and used as responses to build parametric survival models.

1.3.3

Influencing Factors

Pavement deterioration is caused by the combined effects of traffic loading and
environmental factors on the structure and materials (Hong, 2007). Construction, design,
structure, material, environment and traffic, which play pivotal roles in the pavement
deterioration process, also influence the effects of different treatments. Besides the traffic
level and environmental condition analyzed by previous researchers, specific treatment
method and pre-treatment pavement condition are also two important factors for the
performance of maintenance treatments.

Specific treatment method is the primary factor determining the treatment performance.
Even for one type of treatment with different designs including different overlay
thickness, milling depth and material properties, the effect will be different. Pre-treatment
pavement condition is another potential significant factor for the treatment performance.
6

The pre-treatment condition includes not the only the performance level but also the
deterioration of old pavement. Since the new overlay will experience the same traffic and
environmental conditions as the old pavement did, the deterioration of old pavement,
which reflects the influence of the same traffic and environmental condition on the same
structure, is believe to have significant influence on the deterioration of new overlay.
Thus, it is necessary to include those pre-treatment pavement condition factors in the
regression analysis.

1.3.4

Analysis Methodology

Firstly, a VBA (Visual Basic Application) based software “Optime”, developed in the
NCHRP Report 523 “Optimal Timing of Pavement Preventive Maintenance Treatment
Applications” is utilized to evaluate the effectiveness of different treatment used in
Tennessee. The Optime software is a tool used to determine the optimal application time
of preventive maintenance by comparing the cost-effectiveness of different maintenance
scenarios. The cost-effectiveness of collected maintenance projects are evaluated by
using “Optime”.

Two statistical regression methods are employed to establish the regression models for
the effects of maintenance treatments. For the effectiveness in terms of IRI and PSI, a
multiple linear regression method is employed to build the effectiveness model.
Appropriate model format is determined by investigating the relationship between the
responses and each of the factors. Survival analysis is employed to investigate the
initiation time of cracking. Survival analysis can incorporate censored data in the
7

statistical estimation of the model parameters and thus is capable of capturing the
stochastic nature of crack initiation.

1.3.5

Calibration of Treatment Performance Curves for HPMA

In the last part, the performance curves of typical Hot Mix Asphalt (HMA) resurfacing
treatments used in Tennessee are calibrated for the HPMA by investigating the historical
maintenance projects in Tennessee. Those established curves are input into HPMA so
that more realistic maintenance strategy analysis can be conducted.

First, the performance models of HMA resurfacing treatments are investigated by using
multiple regression analysis. Significant factors influencing treatment performance were
identified. Specific designs of HMA treatments and performance classes are determined
based on the regression results. Then, the performance curves for the identified treatment
methods at different performance classes are established and the parameters of the
performance models in HPMA are calibrated. A example of maintenance strategy
analysis using the calibrated models is presented.
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PART 2 COST-EFFECTIVENESS EVALUATION OF PAVEMENT
MAINTENANCE TREATMENTS BY OPTIME

10

2.1 Abstract

The cost-effectiveness of different maintenance treatments including micro surfacing,
HMA overlay and mill & fill were evaluated by using Optime. The treatment
effectiveness was calculated as the difference in computed areas associated with the posttreatment performance indicator curve and the do-nothing curve. It was found that mill &
fill had the highest unit costs, followed by HMA overlay and micro surfacing. HMA
overlay had the highest effectiveness, followed by mill & fill and micro surfacing. Micro
surfacing was found to be the most cost-effective treatment due to its low cost.

2.2 Introduction

With more and more pavement maintenance projects applied, there is a need to evaluate
the cost and effectiveness of various maintenance treatments from the perspectives of
both cost and effectiveness (O’Brien 1989). Investigation indicates that more than 3000
pavement resurfacing maintenance projects were applied in Tennessee State from 1987 to
2008. With so many maintenance projects applied, evaluating the cost-effectiveness of
different treatments is of great importance.

In order to evaluate the effectiveness of different treatment, appropriate measures of
effectiveness need to be defined first. Several existing measures of effectiveness include
the performance jump, the improved pavement performance, the expected treatment life,
the expected extended treatment life, the area between the performance curve and the
11

threshold (Labi 2006, 2003, Rajagopal 1990). NCHRP report 523 presented a costeffectiveness analysis method for determining the optimal timing for the application of
preventive maintenance treatments (Peshkin and Hoerner 2004). An Excel VBA
designated Optime software was presented in this report. As shown in Figure 2.1, the
effectiveness (benefit) is defined as the difference in computed areas associated with the
post-treatment performance curve and the do-nothing curve in the report. This method
best reflects the effect of treatment since it not only involves both treatment service life
and overall pavement condition, but also directly indicates how much the pavement
performance is improved.

Do-nothing
Performance Curve

Post-treatment
Performance Curve

Effectiveness

Figure 2.1 Conceptual illustration of effectiveness (Peshkin, 2004)

In this study, the methodology used in NCHRP 523 was investigated and a project case
study was first conducted by using Optime. Then, the cost-effectiveness of three
pavement maintenance treatments were evaluated and compared by using Optime.
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2.3 Algorithm of Optime

The Optime software is a tool to determine the optimal application time of preventive
maintenance based on the cost-effectiveness analysis of different maintenance scenarios.
In Optime, Benefit is defined as the quantitative influence on pavement performance as
measured by one or more condition indicators. The optimal application of a preventive
maintenance treatment occurs at the point at which the benefit per unit cost is greatest.
The following are three important conceptions for the optimal timing analysis.

2.3.1

Define Performance Indicators and Benefit Cutoff Values

The effect of a treatment on performance is determined by the changes in pavement
performance indicators, such as International Roughness Index (IRI), present
serviceability index (PSI), or other measure of performance. As shown in Figure 2.1,
benefit cutoff values are defined as the y-axis boundary conditions for the performance
curves that define the upper and lower limits for the benefit area calculations. Pavement
failure trigger values are usually used as the benefit cutoff values.

2.3.2

Determine Do-nothing and Post-treatment Performance Relationships

The benefit associated with the application of a maintenance treatment is based on the
improvement in performance compared with that for the “do-nothing” alternative. The
do-nothing relationship defines the pavement performance over time that would be
expected if only no or minor routine maintenance was conducted. The post-treatment
relationship defines the pavement performance over time that would be expected if a
13

treatment is applied. The two relationships can be determined by investigating the
historical pavement performance data from Pavement Management System (PMS).

2.3.3

Identify Benefit of Treatments

As shown in Figure 2.1 and Equation 2.1~2.2, for a specific condition indicator, the
benefit is determined by the difference in computed areas associated with the posttreatment performance indicator curve and the do-nothing curve. When there are more
than one performance indicator included in the analysis, benefit weighting factors are
used to combine the individual benefit values associated with the different condition
indicators together as shown in Equation 2.3.

Area Benefit ( i ) = Area Post −treatment (i ) − Area Do−nothing ( i )

% Benefit( i ) =

Area Benefit ( i )
Area Do−nothing ( i )

Overall Benefit = ∑ %Benefit(i) × Benefit Weighting Factor

(2.1)

(2.2)
(2.3)

2.4 Project Case Study
2.4.1

Project Summary

One micro surfacing treatment project applied at SR341 in Tennessee was investigated by
using Optime. Micro surfacing is spreading a mixture of polymer modified asphalt
emulsion, fine aggregate, mineral filler and water on an original pavement surface. The
surface age, which is the time when the maintenance was applied, was 11 years. Three
14

condition indicators: Roughness, rutting depth and PSI were selected. Benefit weighting
factors for the three condition indicators were chosen as 20, 30 and 50, respectively. The
average cost per mile was $42,173.

2.4.2

Pavement Performance Indicators

Three pavement performance indicators were selected to build the performance curves:
International roughness index (IRI), rutting depth and Present Serviceability Index (PSI).
IRI is the accumulated longitudinal irregularities in the pavement surface. High IRI
values indicate lower level smoothness of the pavement surface. PSI is a 5-point ride
quality rating of the pavement. High PSI value means better riding quality. PDI is also a
5-point pavement distress index measured in terms of extent of various pavement distress
including cracking, patching, bleeding and etc. Lower PDI value indicates severe distress
condition.

2.4.3

Do-nothing and Post-treatment Performance Curves

As shown in Figure 2.2, linear model was used to build the do-nothing and post-treatment
performance curves. The pavement performance data of the adjacent road section, which
had the same pavement structure, traffic and environmental condition, were used to build
the do-nothing performance curves. The intercepts of the rutting depth linear model were
set to be 0 while the intercepts of the IRI linear model were forced to be between
45in./mile to 60in./mile, since the IRI of newly constructed pavement are between 45~60
in./mile (Shafizadeh, 2003).
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(a) Do-nothing performance curves
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(b) Post-treatment performance curves

Figure 2.2 Pavement performance relationships for micro surface project SR 341

It is noted that the post-treatment performance relationship in Figure 2.2 only represented
the pavement performance when the treatment was applied at the pavement age of 11
years. The post-treatment performance relationship would be different when the
treatment was applied at different pavement service age. Thus, it is necessary to estimate
the post-treatment performance relationships for different application time. As shown in
Equation 2.3 and Figure 2.3, interpolation is utilized to estimate the slopes for the post16

treatment performance model at different application time. Table 2.1 presents the slopes
for post-treatment performance curves at different application time. The intercepts of
post-treatment performance curves were assumed to be the same at different application
time.

Slopei = Slope0 +

( Slope N − Slope0 )
i
N

(2.4)

Where, Slopei: slope of the performance model at pavement age of i years.
Slope0: slope of the do-nothing performance model.
SlopeN: slope of the post-treatment performance model at age of N years.
i: Assumed treatment application time, year.
N: Actual treatment application time, year.

Roughness/ Smoothness

160
140
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40

Slope0

Slopei SlopeN
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10

15

20

Age

Figure 2.3 Slopes of post-treatment performance curves at different application times
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Table 2.1 Slopes of post-treatment performance curves at different application time
Application time, year
0
3
5
7
9
11

2.4.4

Rutting
0.0063
0.0095
0.0116
0.0137
0.0159
0.018

IRI
5.487
7.4795
8.8079
10.1363
11.4646
12.793

PSI
-0.1677
-0.1737
-0.1777
-0.1817
-0.1857
-0.1897

Benefit Cutoff Values

Benefit cutoff values are determined by analyzing the do-nothing performance
relationships over the condition indicator ranges. Details of this analysis are presented as
follows:
1. Roughness: Because IRI increases with time, an upper IRI benefit cutoff value is
required. A value of 143 in./mile was chosen because it indicated the transition
from tolerable roughness level to a higher roughness level. According to the
roughness regression Equation, this value is predicted at an age of 17 years. The
lower benefit cutoff value was set to a value of 0 m/km (0 in./mi).
2. Rutting: Rutting depth value also increases with time, and an upper rutting benefit
cutoff value is required. Although 0.5 in. rutting depth indicated the transition
from tolerable rutting level to an unacceptable rutting level, this value was
predicted at an age of 79 years which was obviously unpractical. Thus, 0.15 in.
was chosen as the upper benefit cutoff value and it was predicted at an age of 15.8
years. The lower benefit cutoff value was set to a value of 0 in.
3. PSI: Because PSI decreases with time, a lower benefit cutoff value is required.
For primary road with a flexible pavement, the PSI value are 2.5 ~ 4.2. Thus, 2.5
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was chosen as the lower benefit cutoff value. According to the PSI regression
Equation, 2.5 was predicted at an age of 11 years. The upper benefit cutoff value
was set to 4.2.

2.4.5

Analysis Results Discussion

Since the PSI value reached its lower cutoff value at 11 years, a maintenance scenario of
applying micro surfacing at 3, 5, 7, 9 and 11 years was investigated. Table 2.2 presents
the analysis result. It indicated that of the 5 investigated application years; the optimal
applicant year was 11 as indicated by the largest total benefit value (0.15) and the longest
extension of life of 6.4 years. It can also be seen that the negative benefit values occurred
at early application age and the optimal application time is the year when PSI reached its
lower thread. This is mainly caused by the increased pavement deterioration rate after
treatment. As shown in Figure 2.2, the absolute values of the slopes of the post-treatment
pavement performance curves are higher than those of the do-nothing pavement
performance curves.

Table 2.2 Benefit analysis results by using “Optime”
Application Time (years)
3
5
7
9
11

Benefit
-0.16
0.01
0.14
0.23
0.27

Expected Life (years)
10.0
11.8
13.7
15.5
17.4
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Life Extension (years)
-1.0
0.8
2.7
4.5
6.4

2.5 Comparison of Different Treatments
The cost-effectiveness (benefit/cost) of three maintenance treatment methods: micro
surfacing, HMA overlay and mill & fill were investigated by using Optime. HMA
overlay is applying a dense or fine-graded hot-mixed asphalt mixture on an existing
pavement surface Mill & fill is removing deteriorated existing asphalt pavement surface
and replacing it with a new HMA mixture. The benefits and benefit/cost ratios were
calculated as an indicator of cost-effectiveness. The treatment application ages were the
real application time of the maintenance treatment. Three typical projects with similar
traffic level (<5000 AADT) were investigated for each maintenance treatment. Related
project information and pavement performance data were collected and analyzed.

Table 2.3 Comparison of the cost-effectiveness of different treatments
Cost
($/mile)
32723
72719
175016

Treatment
Micro Surfacing
HMA Overlay
Mill & Fill

Benefit
0.36
0.57
0.46

Expected Life
(years)
15
20
18

Life Extension
(years)
4.2
10.6
7.8

Benefit/Cost
(×10-5)
1.1
0.8
0.3

25
Micro Surfacing
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HMA Overlay
Mill & Fill

15
10
5
0
Cost
(×10^4$/mile)

Benefit*10

Expected Life Life Extension
(years)
(years)

Benefit/Cost
(×10^-4)

Figure 2.4 Comparison of the cost-effectiveness of different treatments
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Table 2.3 and Figure 2.4 summarize the analysis results. It can be seen that among the
three investigated maintenance treatments, mill & fill has the highest cost, followed by
HMA overlay and micro surfacing. As indicated by the benefit, expected life and
expected life extension, HMA overlay treatment has the highest benefit value, followed
by mill & fill and micro surfacing. Similar conclusion could also be attained when life
extension was used to evaluate the effectiveness. There are several potential reasons why
HMA overlay has higher effectiveness than mill & fill. First, HMA overlay increases the
pavement thickness and improves the pavement structure whereas mill & fill is usually
applied on a relatively weak pavement structure and does not contribute to the pavement
structure capacity. Second, milling is usually applied on the road sections where severe
pavement distress occurred. The higher milling depth, the more severe the distress is.
Thus, the overall pavement condition of the deep milling area is usually poor, resulting in
bad pavement performance.

Micro surfacing had the highest cost-effectiveness (benefit/cost), followed by HMA
overlay and mill & dill. Due to the low cost, micro surfacing was more cost-effective
than other two treatments. However, mill & fill and HMA overlay have the ability to
overcome pavement distress and increase the pavement structure capacity. The two
surface treatments cannot simply replace the two new pavement layers when the
pavement is in poor condition.
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2.6 Conclusions
Optime from NCHRP Report 523 was utilized to evaluate the cost-effectiveness of three
widely applied maintenance treatments: micro surfacing, HMA overlay and mill & fill.
Based on the analysis, several conclusions can be summarized as follows:
1. Practical optimal time can be calculated by using Optime software and investigating
the condition indicator performance relationships and is mainly determined by the donothing performance relationships.
2. Investigation on the practical projects indicated that mill & fill had the highest unit
costs, followed by HMA overlay and micro surfacing and slurry seal.
3. As indicated by the benefit value, expected life and expected life extension, HMA
overlay had the highest effectiveness, followed by mill & fill and micro surfacing.

Due to the relatively low cost, micro surfacing was the most cost-effective treatment,
followed by HMA overlay and mill & fill. However, mill & fill has the ability to
overcome severe pavement distress and HMA overlay can increase the pavement
structure capacity. Thus, micro surfacing may be inapplicable in some situations.
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PART 3 EVALUATION OF EFFECTIVENESS AND COSTEFFECTIVENESS OF DIFFERENT PAVEMENT MAINTENANCE
TREATMENTS IN TENNESSEE
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3.1 Abstract

The effectiveness and cost-effectiveness of resurfacing maintenance treatments applied to
low and moderate traffic roads in Tennessee was evaluated based on the pavement
condition data and costs of identified maintenance projects by multiple variable models.
The investigated treatments include HMA overlay, mill & fill and micro surfacing.
Survey results indicated that treatment service life slightly decreased as the traffic volume
increased and the service life of HMA overlay, mill & fill and micro surfacing are 11
years, 10 years and 8.5 years, respectively. Linear models were established for both pretreatment and post-treatment pavement performance models. The treatment effectiveness
was calculated as the area bounded by the pre-treatment and post-treatment performance
curves, the lower threshold and the treatment service life. The costs of each treatment
were analyzed using the costs of typical maintenance projects and the asphalt price index
was incorporated to adjust the cost of asphalt materials. It was found that traffic level and
pre-treatment pavement condition including the pre-treatment model slope and the pretreatment PSI are all significant factors for the effectiveness and cost-effectiveness of
treatments. The effectiveness and cost-effectiveness decreased with the increase of traffic
level and pre-treatment pavement condition. HMA overlay had the highest effectiveness,
followed by mill & fill and micro surfacing. Micro surfacing was the most cost-effective
treatment due to its low cost.
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3.2 Introduction

With most of the highway systems in place, an increasing emphasis has been placed on
pavement maintenance and preservation. Various pavement maintenance activities have
been applied to preserve the pavement and retard the future deterioration by addressing
minor distress and improving functional conditions (O’Brien 1989). One important
consideration in pavement maintenance is to optimize the application of different
maintenance treatments. Thus, there is a need to evaluate the effectiveness of various
maintenance treatments from the perspectives of both cost and benefits (Labi et al. 2006).
A cost-effectiveness analysis (rather than cost or effectiveness information only) will
help agencies develop or update decision matrices for pavement preventive maintenance.

Some research has been carried out to evaluate the cost-effectiveness of different
maintenance treatments. Darter et al. (1985) found that micro surfacing can lead to a
reduction in subsequent maintenance costs and is a viable constituent treatment for costeffective preservation strategies. Hanna et al. (1994) evaluated various treatments
including thin HMA (hot mixed asphalt) overlays in SHRP’s Special Pavement Studies
(SPS) No. 3 and found that thin HMA overlay can be cost-effective in the long term. Labi
and Sinha (2003) found that micro surfacing improved pavement performance in the long
term and extended pavement life by at least 3 years.

To evaluate the cost-effectiveness of different treatments, correctly identifying the
effectiveness is a key initial requirement. Treatment performance models established at
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different traffic or environmental conditions needed for evaluating treatment
effectiveness (Labi et al. 2003 and 2006). Many models have been employed to predict
treatment performance including regression (George 1987, Madanant 1995, Prozzi 2004
and Yu 2007), Markovian (Butt 1987 and Yang 2005), neural network (Fwa 1993 and
Terzi 2007) and fuzzy set models (Elton 1988 and Pan 2007). Regression models and
neural network are deterministic while Markovian models are probabilistic. Fuzzy set
could be combined with both of them to incorporate uncertainties. Deterministic methods
use models from which performance is predicted as a precise value by mathematical
deterioration functions, whereas probabilistic models utilize a transition probability
matrix to predict future performance (Jose et al. 2006). Although probabilistic models
incorporate uncertainties more effectively, regression models are the most practical
methods and have been widely used in existing PMS systems.

Based on the established treatment performance model, measures of effectiveness can be
accomplished by comparing the treatment performance. Several existing measures of
effectiveness include the PSI jump, the improved average pavement condition, the
treatment service life, the extended surface layer life, the area between the performance
curve and lower threshold (such as the condition before the treatment or a prespecified condition trigger) and the area between the pre-treatment performance curve
and post-treatment performance curve in the treatment service life (Rajagopal 1990 and
Labi 2006). Among them, the area bounded by the pre-treatment and post-treatment
performance curves, the lower threshold and the treatment service life (Figure 3.1) best
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reflects the effect of treatment since it involves both treatment service life and overall
pavement condition.
5
y = -0.1341x + 2.7224
R2 = 0.8673

4

y = -0.0884x + 3.4575
R2 = 0.9892

PSI Jump

3
PSI

Effectiveness

2
Treatment service life

1

0
-10

-5

0
Time (Year)

5

pretreatment

posttreatment

Linear (pretreatment)

Linear (posttreatment)

10

Figure 3.1 Illustration of treatment effectiveness

Since 1980s, Tennessee has been applying various pavement maintenance treatments on
state routes and interstates. The most frequently used pavement resurfacing treatments
include HMA overlay, mill & fill and micro surfacing. HMA is a dense-graded HMA
mixture applied over an existing bituminous surface with the thickness between about
2cm and 4cm. Mill & fill includes removing approximately 2cm of existing asphalt
pavement first and replacing it with a suitable thickness of new hot mix asphalt. Micro
surfacing consists of a mixture of polymer-modified emulsified asphalt, mineral
aggregate, mineral filler, water, and additives applied in a process similar to slurry seals
(Peshkin 2004). Generally, HMA overlay and mill & fill are new pavement layers;
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whereas, micro surfacing is a simple surface treatment. From 1987 to 2008, around 4000
pavement resurfacing maintenance projects were finished in Tennessee. Figure 3.2
presents the percentage of different treatments. It can be seen that HMA overlay
accounted for 73% of the total, followed by mill & fill (23%), micro surfacing (2%) and
other surface treatments (1%). With so many pavement maintenance projects applied,
investigating the effectiveness and cost-effectiveness of different treatments is of great
importance.

Seal coat,
0.1%
Slurry seal,
1%
Micro
surfacing, 2%

Novachip,
0.1%

Mill & fill, 23%

HMA, 73%
Number of identified projects and representative samples:
HMA
Mill & fill
Micro surfacing
Project no.
147
47
90
Representative sample no. 79
39
50

Figure 3.2 Pavement treatments applied in Tennessee and number of identified projects

The effectiveness and cost-effectiveness of the three resurfacing treatments frequently
used in Tennessee were evaluated in this study. The pre-treatment and post-treatment
performance models of were first established for identified resurfacing maintenance
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projects. The effectiveness, costs and the cost-effectiveness of the treatments were
investigated and compared by using multiple variable models.

3.3 Pre-treatment and Post-treatment Performance Models

3.3.1

Data Preparation

In order to develop realistic treatment performance models, it is necessary to collect
information from sufficient numbers of maintenance projects that can reflect various
traffic levels. Figure 3.2 summarizes the number identified resurfacing maintenance
projects and road sections. Each road section has a unique traffic volume and is one
sample dataset. Traffic volume and the pavement condition data of each road section
were exported from the pavement management system (PMS).

3.3.2

Selection of Performance indicators

Three pavement condition indicators including PSI (Present Serviceability Index), rutting
depth and PDI (Pavement Distress Index) were investigated. PSI is a 5-point ride quality
rating of the pavement. Low PSI value means poor riding quality. Rutting depth is the
depth of the surface depression in the wheel path, which is mainly caused by the
consolidation or lateral movement of the asphalt mixture due to traffic or insufficient
compaction of asphalt mixture during construction. PDI is also a 5-point pavement
distress index measured in terms of extent of various pavement distresses. Low PDI value
indicates severe distress condition.
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Investigation results indicated that PSI values were proved to provided smooth
decreasing performance curves; whereas, only a few curves were attained using rutting
depth and PDI. Besides, PSI reflects the overall riding condition of pavement. Thus, PSI
was selected as the pavement performance indicator.

3.3.3

Selection of Model Function

Regression models are usually established by using pavement age as a predictor. Among
various regression models, the simplest and most widely used ones are linear or
exponential functions. Equations 3.1 and 3.2 present the linear and exponential treatment
performance function respectively.

PSI = k ⋅ Age + b

(3.1)

PSI = a ⋅ e b⋅ Age

(3.2)

Where, PSI = Present Serviceability Index (from 0 to 5);
Age = Pavement surface layer age, year;
k, a, b = Model coefficients.

Investigation on the raw data indicated that no obvious exponential form or curvature was
observed in the pavement performance data. A regression goodness-of-fit analysis also
indicated that R2 values were not improved by using exponential function comparing with
linear function, indicating a fairly strong linear relationship existing between PSI and
treatment age. Thus, linear function was selected to establish the performance models in
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this study. Table 3.1 presents examples of the established pre-treatment and posttreatment performance models. Since PSI is supposed to decrease as the surface layer age
increase, the k values (slope) were all negative. The R2 values of both pre-treatment and
post-treatment performance models are higher than 0.5.

Table 3.1 Data prepared for the effectiveness analysis
Sample AADT Truck_AADT
1
2
3
4
5
6
…

3787
757
560
507
1420
803

271
65
43
37
111
57

Pre-treatment model
k1
b1
-0.1878
2.3194
-0.3385
1.5736
-0.2116
2.2574
-0.1817
2.4069
-0.1561
2.5848
-0.1507
2.7268

Post-treatment model
k2
b2
-0.0332
2.9839
-0.0291
2.8237
-0.0998
3.3686
-0.0426
3.1871
-0.0537
3.3742
-0.0306
3.311

Effectiveness
11.2
21.8
13.5
11.7
10.4
9.3

Note: k1, b1 = the slope and intercept of pre-treatment linear performance curve, b1 is also
the pre-treatment PSI; k2, b2 = the slope and intercept of post-treatment linear
performance curve.

3.4 Effectiveness of Treatments

3.4.1

Investigation on Treatment Service Life

Peshkin et al. (2004) suggested the maintenance treatment service life was the time when
the performance curve reached the lower threshold value. However, treatment service
lives calculated by using this method are usually much higher than 15 years, which is
unrealistic. Normally, maintenance treatment can serve 10~15 years. At around 10~15
years, although the overall PSI value may not be low enough to trigger a lower threshold
value, a severe distress might occur and a new maintenance treatment is required. In this
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study, the treatment service lives for different treatments were investigated and used for
calculating effectiveness.

The average treatment service lives for different treatments are summarized in Table 3.2
and Figure 3.3. It can be seen that the treatment service life decreases slightly as the
traffic volume increases. The average maximum treatment service life for HMA overlay,
mill & fill and micro surfacing are 11 years, 10 years and 8.5 years respectively, which is
also an indication of treatment effectiveness.

Table 3.2 Treatment service life (Average ± SD (sample no.))
AADT
0-1000
1000-2000
2000-3000
3000-6000
6000-12000
12000-24000
24000-48000
Total

HMA Overlay
12 ± 2 (7)
12 ± 1 (3)
11 ± 1 (2)
10 ± 1 (9)
11 ± 1 (4)
10 ± 3 (7)
9 ± 2 (2)
11 ± 1.7 (32)

Mill & fill
13 ± 2 (2)
9 ± 1 (2)
11 ± 0 (1)
10 ± 2 (4)
10 ± 1 (5)
10 ± 1 (6)
10 ± 1 (5)
10 ± 1.6 (20)

Micro surfacing
9 ± 1 (4)
9 ± 2 (6)
9 ± 1 (3)
9 ± 2 (6)
8 ± 2 (6)
7 ± 2 (6)
7 ± 0 (1)
8.5 ± 1.7 (31)

Treatment Age (Years)

20
16
12
8

y = -5E-05x + 11.136
2
R = 0.2038

4
0
0

10000

20000
AADT

(a) HMA Overlay
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(Figure 3.3 continued)
Treatment Age (Years)
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10000
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(b) Mill & fill
Treatment Age (Years)

20
16
12
8
4

y = -7E-05x + 9.1118
2
R = 0.8195

0
0

10000

20000
AADT

30000

40000

(c) Micro surfacing

Figure 3.3 Treatment service lives at different traffic levels

3.4.2

Calculation of Effectiveness

In this study, treatment effectiveness was calculated as the area bounded by the pretreatment and post-treatment performance curves, the lower threshold and the treatment
service life as shown in Figure 1. AASHTO recommends 2.0 as the terminal PSI value
triggering resurfacing for highways with lower traffic (Huang 2003). Equation 3 was
used to calculate the effectiveness for each model.
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⎧ ( p − b2 ) 2
,
⎪
⎪ 2k 2
⎪t
⎪ (k 2 t + 2b2 − 2 p ),
⎪2
⎪t
⎪ 2 (k 2 t + 2b2 − k1t − 2b1 ),
⎪
Benefit = ⎨
(b − p ) 2
t
⎪ (k 2 t + 2b2 − 2 p ) + 1
,
2k1
⎪2
⎪
2
⎪− (b2 − p ) − t (k1t + 2b1 − 2 p ),
⎪
2k 2
2
⎪
2
2
⎪− (b2 − p ) + (b1 − p ) ,
⎪
2k 2
2k 1
⎩

if b1 < p & k 2 t + b2 < p
if b1 < p & k 2 t + b2 ≥ p
if b1 ≥ p & k 2 t + b2 ≥ p & k1t + b1 ≥ p

(3.3)

if b1 ≥ p & k 2 t + b2 ≥ p & k1t + b1 < p
if b1 ≥ p & k 2 t + b2 < p & k1t + b1 ≥ p
if b1 ≥ p & k 2 t + b2 < p & k1t + b1 < p

Where, Effectiveness = treatment effectiveness, calculated as the area between the posttreatment performance curve and pre-treatment performance curve in the
treatment service life (as shown in Figure 3.1);
t = treatment service life, year;
p = PSI low trigger value;
k1, b1 = the slope and intercept of pre-treatment linear PSI curve;
k2, b2 = the slope and intercept of post-treatment linear PSI curve.

3.4.3

Distribution of Data

Figure 3.4 presents the distribution of collected sample data. The two response variables,
effectiveness and cost-effectiveness are generally normal distribution with a little
skewness. A total of 133 samples were collected. It can be seen that all traffic volumes
are lower than 45,000 AADT and 75% of them are lower than 12,000 AADT. The
average pre-treatment model slope is higher than that of the post-treatment model slope,
indicating the old pavement generally deteriorated faster than the new pavement surface.
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The average pre-treatment PSI is lower than the average post-treatment PSI, indicating an
improvement brought by the applied surface treatment.

(a) AADT

(b) Truck_AADT

(c) Pre-treatment model slope (k1)

(d) Pre-treatment PSI (b1)

(e) Post-treatment model slope (k2)

(f) Post-treatment PSI (b2)

Shortest half

th

75 Percentile

Mean diamond
Median
th

25 Percentile

(g) Effectiveness

(h) Cost-effectiveness

Figure 3.4 Distribution of data prepared for effectiveness analysis
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3.4.4

Influence of Different Factors on Effectiveness

Investigation the traffic volume of collected maintenance projects indicated that no more
than 5% of the resurfacing projects were applied on interstates where the traffic levels are
higher than 100,000 AADT. The traffic levels for all the samples were lower than 50,000
AADT. The presented analyses focused on state routes with low/moderate traffic volume.
Truck traffic was thought to be a more significant factor affecting pavement performance
than the overall AADT since heavy truck load tended to accelerate pavement
deterioration. However, the analysis results indicated that the R2 were not improved by
using Truck_AADT instead of AADT in the treatment effectiveness model. Thus, AADT
was used as the indicator of traffic level in this study.

The influence of pre-treatment pavement condition and traffic level on the treatment
effectiveness was investigated through single variable model analysis first. Figure 3.5
summarize the results of linear fit for the effectiveness of the three treatments. Goodness
of fit (indicated by R2 value) and significance test (indicated by p-value) are presented.
High R2 value indicates high correlation between the factors and the target. Small p-value
(usually lower than 0.05) indicates that the factor is significant for the target. It can be
seen that AADT, k1 and b1 are all significant for the effectiveness of treatments. Although
AADT is not significant for the effectiveness of HMA overlay, it still can be seen that the
effectiveness of HMA overlay decrease as the AADT increase which is consistent that of
mill & fill and micro surfacing. Higher R2 values were attained by for k1 and b1,
indicating the pre-treatment pavement condition is more significant than AADT. It can
also be seen from Figure 3.5 that the slopes of those linear models were negative,
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indicating the effectiveness decrease as the traffic level or the pre-treatment pavement
condition (k1 and b1) increase.

Effectiveness = 12.31 - 0.00016*AADT
R2 = 0.04
P-value = 0.1042

Effectiveness = 5.95 - 59.12*k1
R2 = 0.47
P-value <.0001*
HMA overlay

Effectiveness = 29.09 - 6.36*b1
R2 = 0.29
P-value <.0001*

Effectiveness = 12.11 - 0.00017*AADT
R2 = 0.17
P-value = 0.0424*

Effectiveness = 2.49 - 67.51*k1
R2 = 0.76
P-value <.0001*
Mill & fill

Effectiveness = 31.51 - 7.91*b1
R2 = 0.32
P-value = 0.0029*

Effectiveness = 13.06063 - 0.0002048*AADT
R2 = 0.21
P-value = 0.0268*

Effectiveness = 2.3025209 - 68.333581*k1
R2 = 0.76
P-value <.0001*
Micro surfacing

Effectiveness = 20.79 - 4.52*b1
R2 = 0.33
P-value = 0.0043*

Figure 3.5 The influence of different factors on treatment effectiveness
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3.5 Treatment Cost Analysis

3.5.1

Adjustment of Asphalt Material Cost

Asphalt cost usually accounts for the majority of the material cost and changes along time
since the asphalt price is time-varying. An Asphalt Price Index, which is the historical
asphalt price, should be utilized to calculate the adjusted cost of asphalt materials. Figure
3.6 presents the Asphalt Price Index of last 20 years. The adjusted cost of asphalt was
calculated by using Equation 3.4:

C Adjust =

COriginal
AOriginal

(3.4)

ACurrent

Where, CAdjust = Adjusted asphalt cost, $;
COriginal = Original asphalt cost in the project, $;
AOrignal = Original asphalt price of the maintenance project, $/ton;
ACurrent = Current asphalt price Index, 600$/ton (at the time of this study).

Asphalt price ($/ton)

1000
800
600
400
200
0
May/90

May/94

May/98
May/02
Unit cost, $/Ton

May/06

Figure 3.6 Asphalt Price Index of recent 20 years (NJ DOT, 2010)
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Equation 3.5 was used to calculate the adjusted cost of hot mixed asphalt mixture:

M Adjust = Qm (U m − Pb AOriginal + Pb ACurrent )

(3.5)

Where, MAdjust = Adjusted asphalt mixture cost, $;
Qm = Asphalt mixture quantity, ton;
Um = Original unit cost of asphalt mixture, $/ton;
Pb = Asphalt content;
AOrignal = Original asphalt price of the maintenance project, $/ton;
ACurrent = Current asphalt price Index, 600$/ton.

Equation 3.6 was used to calculate adjusted cost of emulsified asphalt or tack coat
bituminous materials:

E Adjust = Qa (U a − AOriginal + ACurrent )

(3.6)

Where, EAdjust = Adjusted emulsified asphalt or other bituminous material cost, $;
Qa = Emulsified asphalt or other bituminous material quantity, ton;
Ua = Original unit cost of emulsified asphalt or other bituminous material, $/ton;
AOrignal = Original asphalt price of the maintenance project, $/ton;
ACurrent = Current asphalt price Index, 600$/ton.
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3.5.2

Current Value of Costs

Resurfacing maintenance projects at different road sections were usually applied in
different years. In order to compare their costs, the current value (Equation 3.7) of the
costs needs to be calculated to account for inflationary effects.

FV = PV (1 + i ) n

(3.7)

Where, FV = Future value or current value, $;
PV = Present value, original costs, $
i = Discount rate, 4% is used;
n = Age of the maintenance project, year.

3.5.3

Classification of Treatment Costs

The treatment costs were analyzed by investigating five typical maintenance projects for
each treatment. Investigation results indicated that the total costs mainly included five
parts:
1. Material: aggregate, asphalt, tack coat bituminous and etc;
2. Preparation: seal joints, remove original pavement, clear and etc;
3. Management: traffic control, traffic sign, flexible drums to channelize traffic,
construction signs, arrow board and mobilization;
4. Pavement mark: plastic pavement mark, painted pavement marker and spray
thermo pavement marking;
5. Other facilities: pipe culvert, lateral under drain, loop wire, saw slot and etc.
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Among the five parts, the material cost is mainly determined by the treatment type and
area. The preparation cost is not only related to the treatment type but also depends on the
original pavement condition. The pavement marking, management and other facilities
cost depend on the pavement geometric characteristics.

Unit cost ($/m2) of each treatment was calculated and illustrated in Figure 3.7. It can be
seen from Figure 3.7 that the material cost accounts for 75% ~ 88% of the total cost. In
this study, the total cost was used as the treatment cost in this study. Among the three
treatments, mill & fill had the highest cost, followed by HMA overlay and micro
surfacing.

Table 3.3 Unit costs of different treatments (Average ± SD)
Unit costs ($/m2)

Total

Material

Preparation

Management

Mark

Facilities

HMA overlay

2.2 ± 1.5

2 ± 1.4

0.001 ± 0.001

0.11 ± 0.05

0.2 ± 0.1

0.001 ± 0.002

Mill & fill

5.9 ± 2.2

5.2 ± 1.9

0.1 ± 0.1

0.19 ± 0.14

0.4 ± 0.2

0.107 ± 0.158

Micro surface

1.1 ± 0.5

0.8 ± 0.4

0±0

0.07 ± 0.04

0.2 ± 0.1

0.002 ± 0.006

Total
Material
Preparation
Management
Mark
Facilities

2

Construciton cost ($/m )

20
15

10
5
0
HMA overlay

Mill & fill

Micro surface

Figure 3.7 Unit costs of different treatments
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3.6 Evaluation of Effectiveness and Cost-effectiveness

Since AADT, k1 and b2 were significant factors for the effectiveness of treatment,
Multiple variable models were built for both the effectiveness and cost-effectiveness
(effectiveness/cost). The treatment type was also incorporated in the model as a nominal
variable. The function of multiple regression model is shown as Equation 3.8.

Y = β 0 + β1 X 1 + ⋅ ⋅ ⋅ + β i X i + ⋅ ⋅ ⋅ + β k X k + ε

(3.8)

Where, β0, β1, …, βi, ..., βk = Partial regression coefficients or estimates of the regression
parameters, βi is the magnitude and direction change in response with each oneunit increase in predictori, provided other predictors are held constant.
ε = random error term.

Linear least squares approach was used to fit the multiple model. Figure 3.8 presents the
multiple regression results. The goodness of fit (R2), partial t-test of each predictor,
parameter estimates and predictor profiler were summarized for each model. The R2
measures the proportion of variation in response explained by the model. The partial ttest tests the significance of each predictor by testing the significant increase in explained
variation by adding that predictor to the reduced model. The null hypothesis of the partial
t-test tests is H0: βi = 0 | β0, β1, …, βi-1, βi+1, …, βk. The significance level was 0.05,
meaning that the probability of getting this result by chance is less than 5%. The
parameter estimates and the predictor profiler show the predicted response as one
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predictor is changed while the others are held constant at the current values and thus the
influence of each predictor on the response can be clearly illustrated.

Figure 3.8 Multiple variable models for effectiveness and cost-effectiveness
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It can be seen from Figure 3.8 that the R2 values are 64% for effectiveness and 76% for
cost-effectiveness, indicating the fitting are fairly good. The results of partial t-tests
indicate all the factors are significant. In the presented prediction profiler, the black lines
within the plots show how the predicted value changes when changing the current value
of an individual X variable. The 95% confidence interval for the predicted values is
shown by a dotted blue curve surrounding the prediction trace (for continuous variables)
or the context of an error bar (for categorical variables). It can be seen that the
effectiveness and cost-effectiveness decrease with the increase of traffic level and pretreatment pavement condition.

For the effectiveness, it can be seen from the profiler that HMA overlay had the highest
effectiveness, followed by mill & fill and micro surfacing. Although mill & fill includes
removing old deteriorated surface layer and placing new surface, it was usually applied at
the roads where severe pavement deterioration and distress had occurred. Thus, it was
actually applied on a relatively weak pavement structure and tended to deteriorate faster.
This might be the reason why mill & fill was a new pavement but did not provide best
effectiveness.

For the cost-effectiveness, it can be seen from the profiler that micro surfacing has the
highest cost-effectiveness, followed by HMA overlay and mill & fill. The relatively low
costs of micro surfacing made it more cost-effective than other two treatments. It seems
the surface treatment is even more cost-effective than the two new pavement layers.
However, whether a maintenance treatment is optimized or not also depends on the
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original pavement conditions. Micro surfacing can only be applied on pavement with
relatively good condition. The two new pavement layers have the ability to overcome and
repair severe pavement distress. The surface treatment cannot simply replace the two new
pavement layers when the pavement is in poor condition.

3.7 Conclusions

The cost-effectiveness of resurfacing maintenance treatments applied in the low/moderate
traffic volume roads in Tennessee was evaluated through investigating the pavement
conditions and costs of maintenance projects. Multiple variable treatment effectiveness
models were established to evaluate the effectiveness and cost-effectiveness of different
treatments. The influence of different factors on the effectiveness was evaluated. Based
on the analysis, several conclusions can be summarized as follows:

1. Survey results indicated that treatment service life slightly decreased as the traffic
volume increased. The service life of HMA overlay, mill & fill and micro
surfacing are 11 years, 10 years and 8.5 years, respectively.
2. Mill & fill had the highest unit costs, followed by HMA overlay, micro surfacing.
3. Traffic level and pre-treatment pavement condition including the pre-treatment
model slope and the pre-treatment PSI were significant factors for the
effectiveness and cost-effectiveness of treatments. The effectiveness and costeffectiveness decreased with the increase of traffic level and pre-treatment
pavement condition.
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4. HMA overlay had the highest effectiveness, followed by mill & fill and micro
surfacing. Micro surfacing was the most cost-effective treatment due to its low
cost. However, the two new pavement layers (HMA Overlay and mill & fill) can
overcome severe pavement distress and can be applied on pavement with poor
condition. Micro surfacing may be inapplicable in some situations.
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PART 4 EVALUATION OF EFFECTIVENESS AND COSTEFFECTIVENESS OF HMA RESURFACING PAVEMENT
MAINTENANCE TREATMENT UTILIZING LTPP DATA
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4.1 Abstract

This paper analyzed the effectiveness and cost-effectiveness of several asphalt pavement
rehabilitation procedures through investigating the LTPP database. The multiple
regression method was employed to build the effectiveness models and evaluate the
influencing factors such as overlay thickness, pavement thickness, traffic volume and
pre-overlay pavement

conditions

on

the effectiveness

and

cost-effectiveness.

International Roughness Index (IRI) was selected as an indicator of the pavement
performance.

The

post-rehabilitation

IRI,

IRI-drop,

roughness

increase

after

rehabilitation and the “benefits” were employed as the measures of effectiveness.

The results of the present analyses indicated that traffic level, pre-rehabilitation
roughness and rate of roughness increase before rehabilitation have the same effect on
both the effectiveness and cost-effectiveness, whereas overlay thickness, milling and
material have different effect on the effectiveness and cost-effectiveness due to the
increased costs. Pavement with thick overlay, milling before rehabilitation and low prerehabilitation roughness has low roughness after rehabilitation. Pavement with thick
overlay, milling before rehabilitation and high pre-rehabilitation roughness has high
roughness drop due to the rehabilitation. Thick overlay, using RAP, high traffic level and
poor pre-rehabilitation condition increase the rate of deterioration of new overlay.
Pavement with thick overlay and high rate of deterioration before rehabilitation has high
benefit. For a certain rate of roughness increase before rehabilitation, there is an
optimized pre-rehabilitation roughness or treatment application time.
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4.2 Introduction

4.2.1

Research Background

With most of the highway systems in place in the United States, emphasis has shifted
from design and construction to maintenance. Pavement maintenance and rehabilitation
in most states consume the majority of highway funds. Selecting the right pavement
maintenance strategy considering the pavement condition, traffic, and desired
performance is an important issue for all highway agencies. One critical factor in
selecting the right maintenance strategy is to determine the effectiveness of different
treatments. Thorough investigation into practical projects will be necessary to evaluate
the effectiveness which is the improved pavement performance due to maintenance
treatments and to develop the effectiveness model

A good source for selecting practical projects is the Long Term Pavement Performance
(LTPP) database, which has monitored more than 2,400 pavement test sections across
North America. LTPP program was established as part of the Strategic Highway
Research Program (SHRP) in 1987 and managed by the Federal Highway Administration
(FHWA). One of LTPP’s objectives is to develop improved design methodologies and
strategies for the maintenance and rehabilitation of existing pavements. LTPP includes
several experiment sections (GPS-6B, SPS-3, and SPS-5) designed for this purpose
(Hanna 1994). Some pavement network data including traffic loads, weather condition,
pavement structure, in-place material properties, and detailed treatment information are
also collected systemically.
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The SPS-3 experiment was designed to evaluate the effectiveness of different preventive
maintenance treatments on asphalt pavement. The treatments evaluated in this experiment
included thin asphalt overlays (approximately 3.2 cm or 1.25 in. in thickness), slurry
seals, crack seals, and chip seals. The SPS-5 experiment was designed to assess the
effects of overlay thickness, overlay type, and pavement surface preparation on the
performance of asphalt concrete pavements after rehabilitation. The GPS-6B experiment
was designed to monitor the performance of conventional asphalt concrete overlays of at
least 1 in. thick that were applied on asphalt concrete pavements.

4.2.2

Previous Studies on LTPP Maintenance Experiment

Daleiden et al. (1998) reported a study conducted in 1995 to identify initial findings in
the early performance data from the SPS-5 experiment. No significant distinctions were
found between the performances of different treatments. The limited amounts of data
were considered as the main limitations to the analysis.

Rohan et al. (1999) evaluated the roughness reduction of asphalt pavement after
rehabilitation by using the data from SPS-5 experiment. The IRI values before and after
the rehabilitation were compared by using the two-factor analysis of variance (ANOVA),
t-test and simple linear regression method. They found that the IRI values before
rehabilitation, surface preparation before overlay (milling versus no milling), type of
asphalt concrete used for the overlay (virgin versus recycled), and overlay thickness (50
mm versus 125 mm) are all not significant for the IRI values after rehabilitation. They
pointed out that the overlay thickness and milling before overlay would influence the
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overlay performance and they recommended others perform such an analysis when
sufficient data are available.

Eltahan et al. (1999) investigated the SPS-3 experiment and compared the survival times
and life expectancy of different treatments by using the Kaplan-Meier survival analysis
method. The results showed the probability of failure is 2 to 4 times higher for the
sections that are in poor condition before treatment than those sections in better
conditions. Chip seals outperform thin overlays, slurry seals, and crack seals in
controlling the reappearance of distress. They also pointed out that parametric methods
could be employed to develop distribution functions for the failure curves that can help in
the prediction of survival times at any given failure probability.

Rauhut et al. (2000) investigated the performance trends and initial observations of SPS-5
and GPS-6 experiments by developing graphs of performance indicators (or distress types)
versus time. These performance indicators included fatigue cracking, longitudinal
cracking within the wheel path and outside the wheel path, transverse cracking, rutting,
and roughness. They found that thicker overlays generally exhibit less cracking distress
than the thinner ones, but have little effects on the occurrence of rutting and no apparent
effect on roughness. The test sections that had been milled prior to overlay generally
performed better than those without milled. The different type of mixtures (virgin or
reclaimed asphalt mixtures) appeared to have the least effect on performance. However,
for those sites where there was a difference, the virgin mixtures generally performed
slightly better than the recycled concrete mixtures.
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Hall et al. (2003) evaluated the performance of different asphalt pavement rehabilitation
treatments including the influence of pre-overlay condition and other factors by using the
data from the SPS-5 and GPS-6B experiments. The author used paired-difference tests to
determine if there was significant difference between specific groups of test sections.
They discovered that overlay thickness and pre-overlay roughness levels are the two
factors that significantly influence the performance of asphalt overlays with respect to
roughness, rutting, and fatigue cracking. Over the long term, the 5-in. overlays
outperformed the 2-in. overlays. Overlay mixture type (virgin versus recycled) and preoverlay preparation (with or without milling) had slight and inconsistent effects. The data
show a slight but statistically significant tendency for asphalt pavements overlaid when
they were rougher to have more initial roughness after overlay than asphalt pavements
overlaid when they were smoother.

Due to limited time durations reported in previous research, the long-term effectiveness
and especially the cost-effectiveness of different asphalt pavement rehabilitation
procedures have not been investigated in a comprehensive scale. Currently, since the
LTPP program has been in existence for more than twenty years and the pavement
session monitored by the LTPP program have received multiple resurfacing treatments.
It would be expedient to conduct comprehensive analyses on the accumulated
rehabilitation data and compare the effectiveness and the cost effectiveness of different
procedures.
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4.2.3

Research Objectives and Scope

The objective of this study is to utilize LTPP database for evaluating the effectiveness
and the cost-effectiveness of different asphalt pavement rehabilitation methods and to
identify the major influencing factors through multiple regression analyses. Factors to be
considered included the pre-overlay pavement condition, traffic volume and overlay
thickness. International Roughness Index (IRI) was elected as an indicator for pavement
performance.

4.3 Multiple Regression Analysis

Firstly, the data of the rehabilitation method, pavement structure, annual pavement
performance and traffic volume were collected from the SPS-3, SPS-5 and GPS-6B
experiments of LTPP database. The effectiveness of rehabilitation was calculated for
each test section by investigating the service lives of the rehabilitation treatments and
establishing the pavement performance models before and after the rehabilitation. The
cost-effectiveness was calculated by considering the nominal cost of each rehabilitation
treatment. Then, the multiple regression method was employed to analyze the influence
of different factors on the effectiveness and cost-effectiveness of asphalt pavement
rehabilitations.
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4.3.1

Types of Rehabilitations

Table 4.1 presents the 6 types of asphalt pavement rehabilitation monitored by LTPP.
The column “Count” shows the number of collected test sections. Since there are only 2
cold-mix recycled asphalt overlay test sections, the present study focused on the 4 types
of hot-mix asphalt rehabilitations. The milling depth is 1.5~2 in. The recycled asphalt
overlay mixtures contains 30% reclaimed asphalt pavement material (Daleiden, 1998).

Table 4.1 Asphalt pavement rehabilitation methods in LTPP
Code
19
43
44
51
55
56

4.3.2

Description
Asphalt Concrete (AC) Overlay
Hot-Mix Recycled AC
Cold-Mix Recycled AC
Mill Off AC and Overlay With AC
Mill Off AC and Overlay With Hot-Mix Recycled AC
Mill Off AC and Overlay With Cold-Mix Recycled AC

Mixture
Hot-mix
Hot-mix
Cold-mix
Hot-mix
Hot-mix
Cold-mix

Rap
No
Yes
Yes
No
Yes
Yes

Mill
No
No
No
Yes
Yes
Yes

Count
318
43
0
100
58
2

Overlay Service Life

Peshkin et al. (2004) suggested the maintenance overlay service life is the time when the
performance curve reaches the lower/upper threshold value. However, treatment service
lives calculated through this method are usually very high. The actual service life of
asphalt overlays are 10~15 years. At around 10~15 years, although the roughness may
not be low enough to trigger a lower threshold value, a severe distress condition might
occur and a pavement maintenance or rehabilitation is required.

In this study, the treatment service lives for different rehabilitations were investigated and
used to calculate the effectiveness. The time between one rehabilitation activity and the
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next one was used as the service life of that rehabilitation. As shown in Table 4.2, it can
be seen that, except for type 43 (HMA with 30%RAP), the other three rehabilitations
have similar average service lives. The overall average service life for asphalt pavement
rehabilitation is 9.6 years.

Table 4.2 Service lives of different rehabilitations
Code
19
43
51
55
All

4.3.3

Rehabilitation type
HMA
HMA (30%RAP)
HMA + Mill
HMA (30%RAP) + Mill

Average service life (year)
9.7 + 1.6
n/a
9.3 + 1.1
9.7 + 0.002
9.6 + 1.4

Sample no.
18
n/a
8
2
27

Establishment of Pavement Roughness Model

The time series pavement performance data are usually collected to evaluate the effect of
pavement treatment (Rajagopal 1990). Roughness was selected as the indicator of the
pavement serviceability since it affects not only ride quality but also vehicle delay costs,
fuel consumption and maintenance costs. Pavement roughness models were established
by using pavement age as a predictor. Since no obvious curvature was observed for the
relationship between roughness and pavement age, linear function was selected to
establish the performance models in this study as shown in Equation 4.1.

IRI = k ⋅ Age + b
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(4.1)

Where, IRI = International roughness index, m/km;
Age = Age of overlay, year;
k, b = The slope (the rate of pavement deterioration) and the intercept.

Table 4.3 Data prepared for effectiveness analysis using LTPP data
Pre-model
k1
b1

Pre
IRI

Post
IRI

IRI
Drop

1.88

Post- model
k2
b2
0.01 0.52
0.02 0.50
0.01 0.38
0.05 0.43
0.02 0.77

1.25
2.22
1.75
1.02
1.78

0.55
0.52
0.45
0.65
0.77

0.69
1.70
1.30
0.37
1.01

13

192

511

429

516

429

154

No.

Type

KESAL
per Year

Overlay
Thick. (in.)

Total Pav.
Thick. (in.)

1
2
3
4
5
…
Counts

51
19
19
51
19

53
395
339
64
77

13.5
11.4
6.6
14.0
3.8

84.1
73.4
86.9
92.2
36.3

0.16
0.33

2.25
1.99

0.22

515

519

192

519

511

Benefit

16
17

Note: k1, b1 = the slope and intercept of pre-rehabilitation linear performance curve, b1 is
also the pre-rehabilitation PSI; k2, b2 = the slope and intercept of post-rehabilitation linear
performance curve.
Both the pre and post rehabilitation pavement performance models were established and
the responses for the multiple regression analyses were calculated based on the
established roughness model for each road test section. Table 4.3 presents examples of
the established pre-rehabilitation and post-rehabilitation performance models as well as
other related information of each test section.

4.3.4

Calculation of Benefit Value

The measures of effectiveness used by previous researchers include the pavement
performance jump, the improved average pavement condition, the treatment service life,
the extended surface layer life, deterioration rate of pavement, the area between the
performance curve and lower threshold (such as a pre-specified condition trigger) and
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the area between the pre-treatment performance curve and post-rehabilitation
performance curve in the overlay service life (Rajagopal, 1990; Peshkin, 2004 and Labi,
2005). Among them, the area bounded by the pre-treatment and post-treatment
performance curves, the lower threshold and the overlay service life (Figure 4.1) best
reflects the effect of treatment since it considers both overlay service life and overall
pavement condition.
3

IRI (m/km)

2.5
2
1.5
Benefit
IRI-drop
y = 0.0295x + 1.2217
y = 0.0437x + 0.714
R2 = 0.7902
R2 = 0.9981

1
0.5
0
-15

-10

-5

0

Age (Year)
pretreatment
Linear (pretreatment)

5

10

15

posttreatment
Linear (posttreatment)

Figure 4.1 Illustration of IRI drop and benefit (SHRP-ID: 30-7076)

The measures of effectiveness used in this study can be divided into 2 types: the initial
effects, including the post-rehabilitation IRI value and the IRI-drop due to the
rehabilitation; and the long-term effects, including the IRI trend after the rehabilitation
and the “benefit” which is the area bounded by the pre and post rehabilitation
performance curves, the higher threshold and the overlay service life. Equation 4.2 is
used to calculate the benefit value.
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(4.2)

Where, Benefit = the area bounded by the pre and post rehabilitation performance curves,
the higher threshold and the overlay service life (Figure 4.1);
t = Overlay service life, year;
p = Pavement performance high trigger value;
k1, b1 = the slope and intercept of pre-rehabilitation linear performance curve;
k2, b2 = the slope and intercept of post-rehabilitation linear performance curve.

4.3.5

Estimation of Nominal Costs of rehabilitations

For the 519 investigated test sections, LTPP only have the cost information for 129 test
sections, which is not sufficient for conducting the cost-effectiveness analysis. Nominal
costs of different rehabilitations were estimated by investigating the unit cost of HMA
overlay, RAP and asphalt pavement surface milling.
The average unit cost of HMA overlay for the LTPP test roads is 1.06 $/m2 per 1cm
depth (Jackson 2006). Brown (1999) and Kandhal (1997) investigated the economic
characteristics of using RAP materials, and found that using 30% RAP materials could
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save 20%. Thus, the unit cost of HMA overlay containing 30% RAP is 0.85$/m2 per 1cm
depth. The unit cost of pavement surface milling is around 6$/m2. The nominal unit costs
($/m2) for the 4 rehabilitations can be estimated by Equation 4.4. It can be estimated from
Equation 4 that the costs of 51 and 55 are relatively higher than those of 19 and 43
because the cost of milling is much higher than the material cost.

⎧Overlay thickness × 1.06
⎪Overlay thickness × 0.85
⎪
Unit cost = ⎨
⎪Overlay thickness × 1.06 + 6
⎪⎩Overlay thickness × 0.85 + 6

4.3.6

if type = 19
if type = 43
if type = 51

(4.3)

if type = 55

Predictors and Responses

Table 4.4 presents the responses and predictors for the multiple regression analyses. The
overlay thicknesses and the total thickness of the pavement structure were extracted from
the TST-L05B table in the LTPP database. The annual 18-kip equivalent single-axle
loads (ESALs) were collected as the traffic volume factor since it converts wheel loads of
various magnitudes and repetitions ("mixed traffic") to an equivalent number of
"standard" or "equivalent" loads. ESAL Calculator was used to compute annual ESALs
for identified rehabilitation projects.

Totally, 526 road sections were collected from LTPP database. Among those identified
road sections, 71 of them showed that IRI decreased as the increase of treatment age.
Those sections were regarded as outliers and dropped from the analysis. 72 outliers were
deleted by investigating the histogram plots of the responses. 383 road sections were used
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for the regression analysis. Figure 4.2 and 4.3 show the distribution of the data prepared
for the multiple regression analysis. All the predictors are not correlated with each other
with the exclusion of b1 and pre-IRI. Thus, b1 and pre-IRI can not be both predictors in
the same model.

Table 4.4 Summary of the responses and predictors for effectiveness analysis
Variables

Predictors

Response

Mill
Material
Total thickness
Overlay thickness
Pre-IRI
k1
b1
Annual KESALs
Post-IRI
IRI-drop
k2
Benefit
Post-IRI*cost
IRI-drop/cost
k2*cost
Benefit/cost

Descriptions
Include milling or not.
Use RAP or not
Total thickness of pavement
Thickness of overlay
IRI value before rehabilitation
Roughness increase before rehabilitation
IRI value before rehabilitation
Annual kilo-ESALs
IRI value after rehabilitation
IRI reduction due to the rehabilitaion
Roughness increase after rehabilitation
Improved area as shown in Figure 4.1
Cost-effectiveness
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(a) Annual KESALs

(b) Total thickness (in.)

(c) Overlay thickness (in.)

(d) k1

(e) b1

(f) Pre_IRI

(g) Mill

(h) Material

Figure 4.2 Distribution of the data for effectiveness analysis (predictors)
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(a) Post_IRI

(b) IRI_Drop

(d) k2

(d) Benefit

(e) Post_IRI*cost

(f) IRI_Drop/cost

(g) k2*cost

(h) Benefit/cost

Figure 4.3 Distribution of the data for effectiveness analysis (responses)
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It can be seen from Figure 4.3 that, responses k2 and k2*cost have severe skewness;
responses Post_IRI, Post_IRI*cost, IRI_dump and IRI_jump/cost have slightly skewness.
Logarithmic transformation and square root transformation were utilized to normalize
those variables as shown in Figure 4.4. Comparing with the original histogram plot, the
transformed variables show fairly good normal distribution. Those transformed variables
would be used instead as responses in the multiple linear regression models and ordinary
least square method would be utilized to estimate the model parameters.

(a) Ln(k2)

(b) Ln(k2*cost)

67

(Figure 4.4 continued)

(c) Sqrt(Post_IRI)

(d) Sqrt(Post_IRI*cost)

(e) Sqrt(IRI_Drop)
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(Figure 4.4 continued)

(f) Sqrt(IRI_Drop/cost)

Figure 4.4 Distribution of the transformed variables

4.3.7

Multiple Regression Method

Instead of using directed paired comparison or simple linear regression as what previous
researchers did, multiple regression method was utilized to analyze the influence of
different factors (Xi) on the effectiveness (Y) of different rehabilitations. The function of
multiple regression model is shown as Equation 4.4.

Y = β 0 + β1 X 1 + ⋅ ⋅ ⋅ + β i X i + ⋅ ⋅ ⋅ + β k X k + ε

(4.4)

Where, β0, β1, …, βi, ..., βk = Partial regression coefficients or estimates of the regression
parameters, βi is the magnitude and direction change in response with each oneunit increase in predictori, provided other predictors are held constant.
ε = random error term.
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Least squares approach was used to fit the multiple model. Stepwise regression method,
an iterative variable-selection procedure, was firstly used to select the significant
predictors. After determining the significant factors, the ordinal least square method was
used to build the multiple model. The outliers are checked based on the criterion that the
standardized residual is greater than two and then dropped from the model (Paul 1991).
The goodness of fit (R2), partial t-test of each predictor, parameter estimates and
predictor profiler were summarized for each model.

4.4 Discussion of Results

4.4.1

Roughness after Rehabilitation

Figure 4.5 shows the multiple regression results of the effectiveness and costeffectiveness for the roughness after rehabilitation (Post-IRI). According to the
significance test, the most significant factor for post-IRI is mill, followed by pre-IRI,
overlay thickness. Total pavement thickness is a marginal significant factor. Material and
annual KESALs are not significant. It can be seen from the sorted parameter estimates
and the prediction profiler that thick overlay, thick original pavement and milling
significantly reduced the roughness of new overlay. Pavement with higher pre-IRI has
higher post-IRI.

The product of post-IRI and cost is used as a cost-effectiveness indicator for post-IRI
since low post-IRI and cost were expected. It can be seen that besides overlay thickness,
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mill, and pre-IRI, material is also a significant predictor. Higher overlay thickness,
milling and using virgin material reduced the cost-effectiveness indicated as posttreatment roughness due to the increased costs.

(a) Sqrt(Post-IRI)
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(Figure 4.5 continued)

(b) Sqrt(Post-IRI*cost)

Figure 4.5 Multiple regression results for the roughness after rehabilitation

4.4.2

Roughness Drop

Figure 4.6 shows the multiple regression results for the roughness drop (IRI-drop). The
three significant predictors for IRI-drop and IRI-drop/cost are generally the same with
those for post-IRI and post-IRI*cost. The R2 for IRI-drop and IRI-drop/cost are 0.86 and
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0.63 respectively, indicating fairly good fit. It can be seen that thicker overlay and milling
increase the roughness drop. Pavement with higher pre-IRI also has higher roughness
drop. Pavement with higher overlay thickness, including milling before rehabilitation or
using virgin material has lower IRI-drop per unit cost, which is also because higher
overlay thickness and milling increase the costs.

(a) Sqrt(IRI-drop)
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(Figure 4.6 continued)

(b) Sqrt(IRI-drop/cost)

Figure 4.6 Multiple regression results for the roughness drop

4.4.3

Roughness Increase after Rehabilitation

Figure 4.7 shows the multiple regression results for the rate of roughness increase after
rehabilitation Ln(k2). The most significant factor for Ln(k2) is overlay thickness,
followed by annual KESALs and pre-IRI. It can also be seen that high overlay thickness
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reduced the roughness increase after rehabilitation. Pavement with high annual traffic or
poor pre-rehabilitation condition had high roughness increase after rehabilitation.
Ln(k2*cost) is used as an cost-effectiveness indicator for the roughness increase after
rehabilitation. Annual KESALs, mill and pre-IRI are significant predictors for
Ln(k2*cost). Pavement with high annual traffic or poor pre-rehabilitation condition had
high Ln(k2*cost). Again, milling reduced k2*cost since it largely increased the costs.
Response Ln(k2)
Whole Model
Actual by Predicted Plot
-2
-3
-4
-5
-6
-6

-5

-4

-3

-2

Ln(k2) Predicted P<.0001
RSq=0.23 RMSE=0.9354

Sorted Parameter Estimates
Term
Overlay thickness (in.)

Estimate
-0.192957

Std Error
0.0412

t Ratio
-4.68

Prob>|t|
<.0001*

Annual KESALs
Pre_IRI

0.0009
0.2836409

0.000198
0.107292

4.54
2.64

<.0001*
0.0088*

Prediction Profiler
-2
-3
-4
-5
-6

3.0208
Overlay

1.6632

340
Annual

thickness (in.)

Pre_IRI

KESALs

(a) Ln(k2)
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(Figure 4.7 continued)

(b) Ln(k2*cost)

Figure 4.7 Multiple regression results for rate of roughness increase after rehabilitation

4.4.4

Benefit

The matrix plot of predictors and responses indicated that a curvature existed between
k1/b1 and benefit. Thus, three more items including k1*k1, k1*b1 and b1*b1 were added
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to build the new multiple regression model. Figure 4.8 shows the multiple regression
results for the benefit.

Test results indicate that the most significant factor for the benefit is b1, followed by k1
and overlay thickness. The R2 is as high as 60%. It can be seen that pavement with higher
overlay thickness and the roughness increase before rehabilitation had higher benefit.
Clear quadratic relationship is observed for the relationship between b1 and a maximum
benefit value can be attained for certain b1 and k1. For a fixed k1, b1 is an indicator of
pavement age. The result indicates that there is an optimal timing for pavement
rehabilitation which agrees with the views of Peshkin (2004). Besides b1, k1 and overlay
thickness, mill is a significant predictor for benefit/cost. The influence of k1 and b1 on
Benefit/cost is similar with that on benefit. However, thicker overlay and milling reduced
the benefit/cost due to the increased costs.
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(a) Benefit
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(Figure 4.8 continued)

(b) Benefit/cost

Figure 4.8 Multiple regression results for the benefit

4.5 Summary and Conclusions
The effectiveness and cost-effectiveness of different asphalt pavement rehabilitations
including the influence of different factors was analyzed by investigating the LTPP
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database. Pavement performance models before and after rehabilitation were established
to calculate the effectiveness for each test section. Multiple regression method was used
to develop the effectiveness models for different rehabilitations. Table 4.5 shows the
results of the multiple regression analyses. The conclusions are summarized as follows:
1. Traffic level, pre-rehabilitation roughness and rate of roughness increase before
rehabilitation have the same effect on both the effectiveness and costeffectiveness, whereas overlay thickness and milling have different effect on the
effectiveness and cost-effectiveness due to the increased costs. Incorporating 30%
reclaimed material does not influence the performance of rehabilitation but will
improve the cost-effectiveness in terms of roughness after rehabilitation and
roughness drop.
2. Pavement with thick overlay, milling before rehabilitation and low prerehabilitation roughness has low roughness after rehabilitation.
3. Pavement with thick overlay, milling before rehabilitation and high prerehabilitation roughness has high roughness drop due to the rehabilitation.
4. Thick overlay, and high traffic level and poor pre-rehabilitation condition increase
the rate of deterioration of new overlay.
5. Pavement with thick overlay and high rate of deterioration before rehabilitation
has high benefit. For a certain rate of roughness increase before rehabilitation,
there is an optimized pre-rehabilitation roughness or treatment application time.
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Table 4.5 The influence of different factors on the effectiveness of rehabilitations
Pre-IRI
Annual
k1
(b1)
KESALs
Post-IRI
↓
↑
Post-IRI*cost
↑
↓
↑
IRI-drop
↑
↑
IRI-drop/cost
↓
↑
↑
k2
↑
↑
k2*cost
↑
↑
↑
Beneft
↑
↑ downward quadratic
Beneft/cost
↓
↓
↑ downward quadratic
Note: 1. “↑” means the Post-IRI decreases with the increase of overlay thickness
2. “↓” means the Post-IRI decreases with the increase of overlay thickness.
Variables

Total
Overlay
thickness Thickness
↓
↓1
↑
↑2
↓
↓

Milling RAP
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PART 5 EVALUATION OF INFLUENCE FACTORS TO THE
CRACK INITIATION OF LTPP RESURFACED ASPHALT
PAVEMENTS BY USING PARAMETRIC SURVIVAL ANALYSIS
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5.1 Abstract

Survival model with Weibull hazard function was employed to evaluate the influence of
different factors on the crack initiation of resurfaced asphalt pavement. Data from SPS-5
experiments of LTPP program were utilized to conduct the analysis. The initiation time
of four types of cracks including alligator (fatigue) crack, longitudinal crack on wheel
path, non-wheel path longitudinal crack and transverse crack was evaluated. Analyzed
factors include overlay thickness, traffic volume, freeze index, mixture (whether or not
including reclaimed asphalt pavement) and mill (or no mill) before overlay. It was found
that traffic level was a significant factor for all the four types of cracks. High traffic level
accelerated the initiation of cracking. Thick overlay delayed the initiation of cracking
except for the non-wheel path longitudinal crack, which is mainly caused by poor
construction. Total pavement thickness only retarded the initiation of wheel path
longitudinal cracking. Incorporating 30% reclaimed asphalt pavement in the overlay
accelerated the initiation of early age fatigue cracking; however, it was not a significant
cause for severe fatigue cracking. Severe freeze thaw condition accelerated the
occurrence of the non-wheel path longitudinal and transverse cracks; whereas, mill before
overlay significantly retarded the occurrence of the two types of cracks.
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5.2 Introduction

5.2.1

Research Background

One important purpose of pavement maintenance and rehabilitation is to extend the
pavement life through repairing pavement distress and hence retard future deterioration.
Extensive research has been conducted to evaluate the effect of different pavement
treatments on the deterioration of pavement. Among various pavement distress types,
cracking has been a critical distress in asphalt surface layer. Cracking allows moisture
infiltration, increases the roughness, and may further deteriorate to potholes or other more
severe distress. It usually indicates the aging the asphalt binder or even a structural failure.
Investigating the initiation time of various cracks on well observed in service pavement is
of great importance.

5.2.2

LTPP Program

A good source for selecting well observed pavement projects is the Long Term Pavement
Performance (LTPP) database, which has monitored more than 2,400 pavement test
sections in North America since 1987. Two of LTPP’s main objectives are to develop
improved design methodologies and strategies for the maintenance and rehabilitation and
to determine the effect of loading, environment and material properties on pavement
performance. LTPP includes several experiment sections (GPS-6B, SPS-3, and SPS-5)
designed to address those two purposes (Hanna, 1994). Comparing to other test roads, the
LTPP program contains several experimentally designed test sections over the States and
systematically collects pavement data including traffic loads, climatic, pavement
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structure and in-place materials. This study utilized the data from the SPS-5 experiment
of the LTPP program.

Since 1995, several specific FHWA studies have been conducted to evaluate the effect of
different pavement maintenance or rehabilitations using the LTPP database. The studies
used paired-difference tests (t/F-test), simple linear regression analysis and survival
analysis to identify the improvement of the pavement performance brought by the
pavement treatments and to investigate whether there are significant difference between
different treatment methods (Daleiden, 1998; Rohan, 1999; Eltahan, 1999; Rauhut, 2000;
Hall, 2003). Two of the studies addressed the issues of the effect of different treatments
on the deterioration of asphalt pavement (Eltahan, 1999; Rauhut, 2000).

Eltahan et al. (1999) investigated the SPS-3 experiment and compared the survival time
of different treatments using survival analysis. The results showed that the failure
probability of sections that are in poor condition before treatment is two to four times
higher than those of the sections in better conditions. Chip seals outperform thin overlays,
slurry seals and crack seals in controlling the reoccurrence of distress. They pointed out
that parametric methods could be employed to develop distribution functions for the
failure curves that can help predict survival time at any given failure probability.

Rauhut et al. (2000) investigated the performance trends of the test sections in SPS-5 and
GPS-6 experiments by developing graphs of distress indicators versus time. They found
that the test sections that had been milled prior to overlay generally performed better than
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those without milling. Different types of mixtures (virgin or with reclaimed asphalt
pavement) appeared to have the least effect on performance. However, for those sites
where there was a difference, the virgin mixtures generally performed slightly better than
the reclaimed concrete mixtures.

5.2.3

Survival Analysis

Data censoring is a common problem for determine the initiation time of cracks. Some
cracks will appear during the survey period, while others will not appear after the survey
is concluded. Traditional deterministic modeling method can only consider the events
observed during the survey, which may suffer from statistical biases. Survival analysis,
which is the modeling of time to event, incorporates censored data in the statistical
estimation of the model parameters and thus is capable of capture the stochastic nature of
crack initiation. It has been extensively employed to deal with the death in biological
organisms and failure in mechanical systems. In this study, survival analysis method was
employed to analyze the crack initiation time.

Survival analysis was first used in pavement performance modeling in 1930s (Winfrey
1969) based on empirical methods. The Highway Design and Maintenance Standards
Study (HDM), initiated by the World Bank, employed survival analysis to predict the
initiation of fatigue cracking in the HDM-III model (Paterson, 1986). Prozzi et al. (2000)
re-analyzed the AASHO road test data by using survival analysis and found that the
survival model is more appealing than the original AASHO formulations. Shin et al.
(2003) used the duration model to predict the pavement distress initiation. He found that
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the duration model is more accurate than the original AASHO model. Loizos et al. (2005)
developed the surface distress prediction models for pavement failure time (the initiation
of cracking). The results indicate that the most significant factors explaining the initiation
of cracking are traffic and climatic factors. Hong et al. (2008) used survival analysis to
model the initiation of transverse cracks using in-service data for LTPP test roads. The
surface layer thickness and freeze index are found to be significant factors influencing the
initiation of transverse cracking. Most of the previous researches focused on the initiation
of distress, while Wang et al. (2005) employed the survival analysis to model the
pavement failure time which is indicated as the rapid increase of fatigue cracking. In the
same study, accelerated failure time models were developed to predict the fatigue failure
time based on asphalt concrete layer thickness, Portland cement concrete base layer
thickness, average traffic level, intensity of precipitation, and freeze-thaw cycles.

5.2.4

Research Objective and Scope

The objectives of the present study are to compare the initiation time of different cracks
and to evaluate the influence of different factors on the crack initiation of different
asphalt overlays using parametric survival analysis method. The SPS-5 experiment of
LTPP program, which focuses on the asphalt pavement resurfacing treatments, was used
to establish the survival model. Comparing to previous studies, more types of cracking
were investigated in this study. Besides, instead of selecting one or several typical
projects, all the 18 projects in SPS-5 experiment were investigated in this study.
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5.3 Parametric Survival Analysis Method
5.3.1

Survival Function

The survival time, T, is defined as the time elapsed until the initiation of cracks. For a
given density function, f(t), of the initiation of cracks, the duration function (the
cumulative distribution function) is shown as Equation 5.1.

t

F (t ) = P(T ≤ t ) = ∫ f (u )du
0

(5.1)

The duration function, F(t), gives the probability that the pavement will not survive
before time t. Equation 5.2 shows the survival function, S(t), which is the probability that
the pavement will survive at least time t.

S (t ) = P(T ≥ t ) = 1 − F (t )

5.3.2

(5.2)

Hazard (rate) Function

Equation 5.3 presents the hazard (rate) function, h(t), which is the conditional probability
that the pavement will not survive between time t and t+dt, given that the pavement has
survived up to time t. The hazard function is also the ratio of the probability density
function f(t) to the survival function S(t).

h(t ) = lim

Δt →0

P(t ≤ T ≤ t + Δt ) f (t )
=
Δt
S (t )
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(5.3)

Three widely used hazard function for survival model include: exponential, Weibull and
lognormal (Hong, 2008). An exponential function suggests that the hazard rate is a
constant along time. A Weibull function indicates that the hazard rate can monotonically
increase or decrease. A lognormal function indicates that the hazard rate increase first to
a certain point and then decreases. Previous studies suggest that Weibull function can
capture the pavement failure since the probability of distress initiation increases with the
increase of time (Hong, 2008). For example, aged asphalt is more prone to crack and strip.
In this paper, Weibull hazard function (Equation 5.4) was used to describe the crack
initiation.

h(t ) = λp(λt ) p −1

(5.4)

Where, λ is a scale parameter and p is a shape parameter. If p > 1, the hazard rate increase
with time; while p<1, the hazard rate decrease with time.

With parameters λ > 0 and p > 0, the Weibull distribution has the density function:

f (t ) = λp (λt ) p −1 EXP(−(λt ) p )

5.3.3

(5.5)

Censored Data

For the observation of pavement distress, two typical sceneries can occur as shown in
Figure 5.1. The first one is the full observation, in which the survival time of the
91

pavement is observed. The second one is called the right censored, in which we only
know the survival time of the pavement is longer than a certain time t. For example, when
no cracking was observed during the entire observation period, the survival time is equal
to the longest observation time and it is right censored. Survival model is capable of
incorporating those right censored data in analyzing the pavement survival probability.

Full Observation
Right censored
Survey period
Figure 5.1 Full observation and right censored survey

5.3.4

Estimation of Parameters

In order to investigate the influence of one or more variables on the survival time or
hazard rate, as shown in Equation 5.6, the parameter λ is usually expressed as the
functions of those factors. An exponential form is adopted to ensure that is a positive
value (Hong, 2008).

λ = EXP( β 0 + β1 X 1 + ⋅ ⋅ ⋅ + β i X i + ⋅ ⋅ ⋅ + β k X k + ε )

Where, X1, …, Xi, ..., Xk = factors or independent variables;
β0, β1, …, βi, ..., βk = Estimates of the regression parameters;
ε = random error term.
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(5.6)

Since the response variables (initiation times of cracking) are not normally distributed,
the ordinary least squares method does not apply. The survival model is usually estimated
by taking a log transformation and using the Maximum Likelihood Estimation (MLE)
method. For the full observation, its likelihood function is the probability density function,
f(t). If an observation is right censored, the survival function, S(t), can be used as its
likelihood function (Wang, 2008). Equation 5.7 is the log-likelihood function for the
survival model (Hong, 2008). The maximum likelihood estimation procedure is to find
the parameter θ that maximize the log-likelihood function.

ln L(θ ) = ∑ ln f (ti θ ) +
Di =1

∑ ln S (t θ )

Di =0

i

(5.7)

Where, Di is dummy variable, Di = 1 means censored, Di = 0 means right censored;
θ are the parameters (λ and p) to be estimated.

5.4 Preparation of Data

5.4.1

LTPP SPS-5 Experiments

The SPS-5 experiment, “Study of Rehabilitation of Asphalt Concrete Pavements”, is
designed to evaluate the effect of overlay thickness, overlay type and pavement surface
preparation on the performance of asphalt concrete pavements after rehabilitation (Elkins,
2008). The SPS-5 experiment has 18 projects located in different states. Each SPS-5
project consists of 9 test sections. The length of each test section is 152 m. Details of the
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experimental design for each project are shown in Table 5.1. The 9 test sections consist
of one control section (no rehabilitation applied to the surface) and 8 test sections with
different combinations of the following strategies:
•

Thin and thick overlays. It is noted that although the actual thickness might not be
exactly 2 or 5 in., the overlay thickness is not designed based on traffic levels.

•

Virgin and reclaimed asphalt pavement (RAP) mixtures used for the overlay. The
content of RAP is 30%.

•

Milled and non-milled surfaces prior to overlay placement.

Table 5.1 Experimental design for each SPS-5 project
Section
1 (Control)
2
3
4
5
6
7
8

Surface preparation

Mill

Designed thickness, in.

Mixture

Minimum
Minimum
Minimum
Minimum
Intensive
Intensive
Intensive

No
No
No
No
Yes
Yes
Yes

2
5
5
2
2
5
5

Rap
Rap
Virgin
Virgin
Virgin
Virgin
Rap

Although several SPS-5 test roads have received multiple resurfacing treatments, most of
the pavement distress data were monitored and collected between the first and the second
resurfacing treatments. Thus, only the rehabilitation projects with the construction no. of
2 (indicating the first resurfacing treatment) were collected from the RHB_IMP table in
LTPP database (LTPP, 2010). There are totally 162 test sections in 18 states. However,
eight states did not provide the distress data of the control section and one state did not
have the distress data of section 2. Thus, 153 sections were collected for the analysis. The
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thickness of pavement structure including all types of asphalt concrete layers and base
layers were calculated for each test road and used as an indicator of pavement structural
capacity. The preparation (mill or no mill before overlay) and the material (using RAP or
virgin material) were identified and collected. The corresponding pavement distress data
were collected from the MON_DIS_AC_REV table (LTPP, 2010). Then, the initiation
times and censoring status for the four types of cracking were determined.

5.4.2

Cracking Types

LTPP hired national distress data collection contractor to collect pavement condition data.
The visual interpretation of high-resolution photographic images of the pavement surface
was the primary means used to obtain the surface distress data for LTPP test roads. The
cracking classifications were distinguished by following the “Distress Identification
Manual for the LTPP Project” (Miller, 2003). The crack data recorded by LTPP include
alligator (fatigue) crack, block crack, edge crack, longitudinal crack (wheel path and nonwheel path) and transverse crack. The block crack and edge crack are rarely observed
while most of the test roads experienced the occurrence of the others. This study focused
on the initiation time of the four types of cracking. Figure 1 shows the typical pattern of
the four cracking (Muench, 1998; Asphalt Institute Inc, 2009). The definitions and the
main causes are summarized as follows (Muench, 1998; Huang, 1993; Miller, 2003):
1. Alligator cracking is a series of interconnected cracks in early stages of
development and can develop into many-sided, sharp-angled pieces, usually less
than 0.3 meters on the longest side. It is mainly caused by the fatigue failure of
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the asphalt pavement surface under repeated traffic loading and usually indicates
severe fatigue failure.
2. Longitudinal cracking is the type of cracks parallel to pavement centerline either
on or not on the wheel path. Non-wheel path longitudinal cracking is mainly
caused by poor joint construction while wheel path longitudinal cracking is
caused by the fatigue failure of the asphalt surface under repeated traffic loading
or frost heaves of the base layer or subgrade. The longitudinal fatigue cracking
usually indicates a low level fatigue failure at early age and may develop into
alligator cracking as the fatigue failure increases.
3. Transverse cracking is the type of cracks perpendicular to the pavements
centerline and is a type of thermal cracking or reflective cracking. Thermal
cracking is mainly caused by the shrinkage of the asphalt surface due to low
temperatures or asphalt binder hardening. Reflective cracking is mainly due to the
upward progress of the cracks on base layer.

(b) Longitudinal cracking (wheel path)

(a) Alligator cracking
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(Figure 5.2 continued)

(d) Transverse cracking

(c) Longitudinal cracking (non-wheel path)

Figure 5.2 Typical pattern of the four investigated cracking

5.4.3

Data Collection

In addition to the crack data and the resurfacing treatment data, other potential factors
were collected from specific LTPP tables. The overlay thicknesses of different pavement
overlays were extracted from the TST-L05B table. The annual 18-kip equivalent singleaxle loads (ESALs) were collected as the traffic volume factor. ESAL Calculator on the
datapave websites was used to calculate the annual ESALs for identified rehabilitation
projects. Freeze indexes were collected from the CLM_VWS_TEMP_ANNUAL table as
the climatic indicator. Generally, the predictors include two nominal variables: Mill
(Yes/no) and Mixture (RAP/Virgin) and three continuous numerical variables: Annual
KESALs, overlay thickness and freeze index.
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Figure 5.3 The relationship between asphalt grades and freeze index

Hong et al. (2008) suggested that asphalt grade correlates with freeze index since the
asphalt grade is usually determined based on the weather condition. Figure 5.3 shows the
relationship between freeze index and the viscosity and penetration of asphalt. It can be
seen that freeze index is highly correlated with the viscosity and penetration of asphalt.
Thus, the asphalt grade was not included in the analysis. Besides, the authors also
investigated the influence of pre-treatment pavement roughness on cracking initiation.
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The analysis results indicated the pre-treatment pavement roughness is not a significant
factor and thus it is not included in the analysis.

INITIATION
16
14
12
10
8
6
4
2
0
-2
Normal(6.15252,3.51346)
LogNormal(1.30509,1.57734)
Weibull(6.49127,1.30638)
Exponential(6.15252)
Note: H0 = the data is from the tested distribution. Small p-values reject H0.

Figure 5.4 The distribution test results for the initiation time of alligator cracking

Figure 5.4 shows the distribution test results for the initiation time of alligator cracks. The
initiation time is the time when the first crack is recorded. The tested four distributions
include normal, lognormal, Weibull and exponential. Shapiro-wilk W test was used to
test whether the sample is a normally distributed population. Cramer-von Mises w test
was employed to test whether the sample is a Weibull distribution. The KolmogorovSmirnov test was employed to test whether the sample is lognormal or exponential
distributed. All of the three goodness-of-fit test methods are empirical distribution
function tests used to decide if a sample comes from a population with a specific
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distribution (SAS Institute Inc., 2008). It can be seen from Figure 5.2 that only the pvalues of the Weibull distribution test are higher than 0.05, indicating the initiation time
of alligator cracking is Weibull distributed. The parameter p = 1.3 > 1, indicating the
failure rate increases with time. Table 5.2 presents the distribution test results for all four
cracks. It can be seen that all the initiation times are Weibull distributed. The values of
parameters p are all larger than 1, indicating the probability of cracking increases with the
increase of pavement age.

Table 5.2 P-values of the distribution tests for the four types of cracking
Cracking types

Normal

Lognormal Exponential Weibull

Weibull parameters
λ
p
6.50
1.30

Alligator crack
0.0019* <0.0100*
<0.0100*
>0.25
Longitudinal crack
0.0015* <0.0100*
<0.0100*
>0.25
6.60
(Non wheel path)
Longitudinal crack
<.0001* <0.0100*
<0.0100*
>0.25
5.49
(Wheel path)
Transverse crack 0.0003* <0.0100*
<0.0100*
>0.25
5.94
Note: 1. H0 = the data is from the tested distribution. Small p-values reject H0.
2. * indicates the p-value is less than 0.05 and the factor is significant.

1.16
1.25
1.27

5.5 Discussion of Results
5.5.1

Survival Probability of Different cracks

A commercial statistic software JMP 8.0 was employed to conduct the survival analysis.
Figure 5.5 presents the survival curves of the four cracks, which shows the survival
probabilities at different treatment age. It can be seen that the survival probability
decreased as the pavement age increased. Generally, alligator crack has the highest
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survival probability, followed by longitudinal crack on wheel path, transverse crack and
non-wheel path longitudinal crack.
1
0.9

Survival Probility

0.8
0.7
0.6
0.5
0.4
0.3

Alligator Crack
Longitudinal Crack (Non-wheel path)
Longitudinal Crack (W heel path)
Transverse Crack

0.2
0.1
0
0

2

4

6

8

10

12

Initiation time (Year)

Figure 5.5 Survival probabilities of the four cracks

5.5.2

Parametric Survival Analysis

Survival models using Weibull hazard function were established for all the four cracks to
conduct the parametric survival analysis. Table 5.3 presents the results of likelihood ratio
tests of all the predictors for the four cracks. The likelihood ratio test tests the
significance of each predictor by comparing the log-likelihood from the fitted model to
the one that removes each term from the model individually. The null hypothesis of the
likelihood ratio test is H0: βi = 0 | β0, …, βi-1, βi+1, …, βk. Small p-value rejects the null
hypothesis, which means the factor is significant. The significance level was 0.05,
meaning that the probability of getting this result by chance is less than 5%. Figure 5.6
presents the failure probability profiler for the four cracks. The failure probability profiler
shows the predicted probability of crack initiation as one predictor is changed while the
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others are held constant at the current values and thus the influence of each predictor on
the probability of crack initiation can be clearly illustrated.

Table 5.3 Likelihood ratio test results for each predictor
Crack types
Alligator crack
Longitudinal crack
(Non wheel path)
Longitudinal crack
(Wheel path)

Transverse crack

Predictors
Annual KESAL
Overlay Thickness (cm)
Annual KESAL
Freeze Index (°C-days)
Mill
Annual KESAL
Total Thickness (cm)
Mixture
Overlay Thickness (cm)
Annual KESAL
Freeze Index (°C-days)
Overlay Thickness (cm)
Mill

DF
1
1
1
1
1
1
1
1
1
1
1
1
1

L-R ChiSquare
42.01
6.57
28.55
22.70
6.33
19.16
5.45
5.10
4.45
33.19
14.84
4.70
4.70

Prob>ChiSq
<.0001*
<.0103*
<.0001*
<.0001*
0.0119*
<.0001*
0.0239*
0.0350*
0.0195*
<.0001*
0.0005*
0.0301*
0.0302*

Alligator Crack

According to the likelihood ratio tests, the most significant factor for the initiation of
alligator (fatigue) cracking was annual KESAL, followed by overlay thickness. Mill,
mixture, freeze index and total pavement thickness were not significant. It can be seen
from the failure probability profiler that pavement with high traffic level and thin overlay
had high probability to experience alligator cracking. The failure probability increased
from 0.1 to 0.5 as the annual kilo-ESAL increased from 300 to 900. Milling before
overlay did not retard the initiation of alligator cracking. Using RAP or severe freeze
thaw condition did not accelerate the occurrence of alligator cracking.
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Non-wheel Path Longitudinal Crack

The most significant factor for the initiation of non-wheel path longitudinal cracking was
annual KESAL, followed by freeze index and Mill. Mixture, total thickness and overlay
thickness were not significant. Severe freeze thaw environment and high traffic level
accelerated the occurrence of this type of longitudinal cracking. Milling before overlay
significantly retarded the initiation of non-wheel path longitudinal cracking. It can be
seen from Figure 5.6 that, the failure probability was reduced from 0.6 to 0.3 by milling.
The reason is that milling eliminated the pavement distress on the old pavement and
improved the bond between overlay and the old pavement structure. Using RAP and thin
overlay did not influence the initiation of non-wheel path longitudinal cracking.

Longitudinal Crack on Wheel Path

Annual KESAL is the most significant factor for the initiation of longitudinal cracking on
wheel path, followed by total thickness, mixture and overlay thickness. Freeze index and
mill were not significant. High traffic level, using RAP, thin overlay or thin pavement
structure accelerated the initiation of the longitudinal cracking on wheel path. It can be
seen from Figure 5.6 that using RAP increased the failure probability from 0.15 to 0.25.
Comparing with the 2 in. thick overlay, the 5 in. thick overlay reduced the failure
probability from 0.4 to 0.2. Environmental condition and mill seems insignificant to the
initiation of the longitudinal cracking on wheel path.

By incorporating more factors, this study found that using RAP caused some early age
fatigue failure problem, but was not a significant factor contributing to severe fatigue
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cracking. Due to lower effective binder content and brittle binder, RAP may cause early
age fatigue cracking in the form of wheel-path longitudinal cracking. However, alligator
cracking is a more severe fatigue cracking and is caused by multiple reasons including
decrease in pavement load supporting, heavier loads than anticipated in design, aging of
both virgin and recycled binder and inadequate compaction during the construction
(Muench, 1998). RAP was not a significant factor causing severe fatigue failure. Thus,
incorporating 30% RAP is acceptable. Several reported studies on in situ performance of
RAP mixtures found that asphalt mixture with low or moderate RAP content (<25%)
performed as well as or even better than mixtures made of new materials (Newcomb,
2007 and McDaniel 2009). Hong et. al (2010) utilized sigmoid model to simulate the
development of rutting, roughness and transverse cracking based on 16 years data of
SPS5 experiment in Texas. He also found that mixtures with RAP content as high as 35%
could perform as well as that with virgin materials.

Transverse Crack

The most significant factor for the initiation of transverse cracking is annual KESAL,
followed by freeze index, mill and overlay thickness. Transverse cracking is mainly
caused by the shrinkage of the asphalt surface due to low temperatures or the upward
progress of the cracks on base layer. Mixture and total thickness are not significant
factors. High traffic level and severe freeze thaw environment accelerated the initiation of
transverse cracking while milling before overlay and thick overlay retarded the
occurrence of transverse cracking. Using RAP did not influence the occurrence of
transverse crack.
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(a) Alligator crack

(b) Longitudinal crack (Non wheel path)

(c) Longitudinal crack (Wheel path)

(d) Transverse crack

Figure 5.6 The influence of factors on the probability of crack initiation (failure)
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5.6 Conclusions and Future Research

Parametric survival analysis with Weibull hazard function was employed to evaluate the
influence of different factors on the crack initiation of asphalt pavement overlays. By
incorporating more factors and all the 18 SPS-5 test sites, broader conclusions can be
attained. Table 5.4 presents the analysis results. Several conclusions can be summarized
as follows:

1. Traffic level was a significant factor for all four types of cracks. A higher traffic
level would accelerate the initiation of cracking.
2. Thick overlay effectively retarded the initiation of cracking except the non-wheel
path longitudinal cracking, which is mainly caused by poor joint construction.
3. Thick pavement structure retarded the initiation of wheel-path longitudinal
cracking which is an early age fatigue cracking or caused by the frost heaves of
base layer or subgrade while had no significant influence on non wheel-path
longitudinal cracking, thermal cracking and alligator cracking.
4. Incorporating 30% reclaimed asphalt pavement in the overlay accelerated the
initiation of longitudinal cracking on wheel path which is a type of early age
fatigue cracking, while it did not cause serious fatigue problem.
5. Severe freeze thaw environment accelerated the occurrence of non-wheel path
longitudinal cracking and transverse cracking, while milling retarded the
occurrence of the two non-fatigue cracking. This is because mill is capable of
eliminating the pavement distress on the old pavement and improving the bond
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between overlay and the old pavement structure. Severe freeze thaw environment
and mill have no significant influence on the initiation of the two fatigue cracking.

Table 5.4 The influence of different factors on the initiation of cracking
Factors

Alligator Longitudinal crack
crack
(Non-wheel path)
↑*
↑
↓*
↑
↓

Longitudinal crack
(Wheel path)
↑
↓

Transverse
crack
↑
↓
↑
↓

High Annual KESAL
High Overlay Thickness
High Freeze Index
Mill (Yes)
Mixture (RAP)
↑
High Pavement Thickness
↓
Note: 1. “↑” means the failure probability increases with the increase of annual KESALs,
2. “↓” means the failure probability decreases with the increase of overlay thickness.

This study focused on the initiation of cracks but did not incorporate the propagation of
the cracks. A potential future research area is to determine an appropriate pavement crack
failure threshold so that a survival model can be developed to analyze the crack
propagation. Because of the high variance of construction quality, pavement structure and
overlay material, the survival model developed in this study was mainly used to analyze
the influence of different factors but was not sufficient to predict the survival time
nationwide. It is suggested that survival models at different traffic, environmental, and
highway classifications can be developed to predict the failure times.
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PART 6 CALIBRATION OF THE HMA TREATMENT
PERFORMANCE MODELS FOR HPMA
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6.1 Abstract

The performance curves of typical Hot Mix Asphalt (HMA) resurfacing treatments used
in Tennessee were calibrated for the PMS system of TDOT. The linear treatment
performance curves over time were established first by investigating the collected
historical maintenance projects. Multiple regression methods were employed to analyze
the influence of pre-treatment PSI, traffic level, overlay thickness and milling depth on
the slopes and intercepts of post-treatment linear performance curves. The specific
designs of HMA treatments and performance classes were determined based on the
regression results. Then, the performance curves for each identified treatment methods at
different performance classes were established and the parameters of the corresponding
performance models in the PMS system are calibrated.

The multiple regression analysis results indicated that pavement with high pre-treatment
PSI, thick overlay and deep milling had low deterioration rate, whereas pavement with
higher traffic level deteriorated faster. Pavement with high pre-treatment PSI, thick
overlay and high traffic level tended to have high post-treatment PSI. Investigation on the
PDI curves indicates that PDI decreased much faster than PSI and accounts larger
proportion of PQI which is an overall pavement condition indicator.
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6.2 Introduction of HPMA

TDOT currently uses Highway Pavement Management Application (HPMA) as its PMS
system. HPMA can be divided into two functional parts: the information system and the
management system. The information system part provides a straight forward access for
users to retrieve, edit and report the pavement and road related data. The management
system part allow the user to objectively assess the current pavement status and estimate
the maintenance or rehabilitation needs at both project and network level.

The impact of different pavement maintenance treatments on the pavement performance
can be evaluated by the performance prediction curves. HPMA has a specific curve
format as shown in Equation 6.1. Users can define the parameters for pavement condition
prediction models for various maintenance treatments.

Index = o - e^ ( a - b * c^t )

Where: Index = pavement performance index including PSI and PDI;
o = starting value at age zero;
e = Euler's number;
^ = indicates exponent;
a,b,c = model coefficients;
t = Ln(1/Age).
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(6.1)

Table 6.1 and Figure 6.1 present the default 12 HMA treatment methods and the PSI
prediction models defined in HPMA. It can be seen that, although the model format is
complicated, the models are generally linear with a little curvature. If 2 is set as the PSI
trigger value, most treatment will last for 10~20 years, which agrees with practical
experience. By calibrating the model parameters using the data of practical maintenance
projects, more realistic treatments and the corresponding prediction models can be
applied in HPMA and the accuracy of the maintenance strategy analysis will be greatly
improved.

Table 6.1 Treatment activities defined in HPMA
Code
1
2
3
4
5
6
7
8
9
10
11
12

ID
M1_2
M2_4
MO2200
MO4200
MO2400
MO4400
O200
O400
O>400
RECON
RO800
OC-BIT

Activity
Mill & Replace 1"-2"
Mill & Replace 2"-4"
MR 1-2" + OL 200 PSY
MR 2-4" + OL 200 PSY
MR 1-2" + OL 400 PSY
MR 2-4" + OL 400 PSY
Overlay < 200 PSY
Overlay 200-400 PSY
Overlay > 400 PSY
Reconstruction
Rubblize OL 900 PSY
Orig. BIT Constr
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Type
Rehabilitation
Rehabilitation
Rehabilitation
Rehabilitation
Rehabilitation
Rehabilitation
Rehabilitation
Rehabilitation
Rehabilitation
Construction
Rehabilitation
Construction

5

PSI

4
3
2
1
0
0

5

10

15

20

Age (year)

Figure 6.1 The default treatment performance PSI curves in HPMA

6.3 Calibration of PSI Performance Models

The calibration model will focus on HMA resurfacing treatments, which account for
majority of all the pavement maintenance activities as shown in Figure 3.2. As shown in
Figure 6.2, the procedures to develop and calibrate the HPMA performance models are
summarized as follows:
1. Develop linear PSI curve for each road section.
2. Investigate the influence of different factors on the slopes and intercepts of the
linear curves.
3. Identify typical treatment methods and significant performance classes.
4. Develop new linear performance models for different treatment methods at
different performance classes.
5. Calibrate the HPMA models based on the developed new linear models.

117

5

Investigate the influence of
different factors on the slopes
and intercepts of models

PSI

4
3
y = -0.0336x + 3.5755

2

R2 = 0.8872

1

5

0
2

4
4
6
Age (year)3

8

10

PSI

0

y = -0.0645x + 4.2067

1119 33 SR 27 P 0 3.4

R2 = 0.7608

2

• Typical treatment methods
• Performance classes

1
0

5

0

PSI

4
3

2

4
6
Age (year)

8

10

1193 71 SR 111 P 5.17 5.
y = -0.0537x + 3.8471

2

R2 = 0.9336

Pavement Family performance models

1
0
0

2

4
6
Age (year)

8

10

1248 4 SR 28 P 15.39 21.4

Calibrate models in

Figure 6.2 Procedures of calibrating HPMA models

6.3.1

Data Collection and Distribution

Region 2 office of TDOT keeps a detailed record of highway maintenance activities
applied in that region. This record was investigated to identify sufficient HMA
resurfacing treatment projects. With the collected the project location and application
time, the pavement condition data, environmental, geometry and traffic volume data were
exported from HPMA. Then, each project was subdivided into small road sections with
unique traffic volume, geometry and environmental condition. The milling depth and
overlay thickness were also calculated. Totally, 700 road sections were identified. Among
those identified road sections, 48 of them show that PSI values increased as the increase
of treatment age. Those road sections were regarded as outliers and dropped from the
model analysis. Since no obvious curvature was observed for the post-treatment curves,
linear performance curves were built for all of the road sections. The slopes (PSI_k) and
intercepts (PSI_b) were determined for further analysis. Table 6.2 shows an example of
the data prepared for the model analysis. Figure 6.2 shows the distributions of the
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collected data. Outliers were deleted by checking the histogram plots of the two
responses. Totally, 625 samples were prepared for the model analysis.

Table 6.2 Data prepared for the regression analysis
Road Section
1
2
3
4
5

PSI_k
-0.058
-0.063
-0.083
-0.063
-0.043

PSI_b
4.24
4.09
4.16
3.42
2.97

Pre_PSI
3.15
2.97
2.96
2.35
2.28

AADT
10493
10648
10493
11795
11378

Milling depth (in.)
2.5
0
0
1.25
2.5

Overlay thickness (in.)
2.75
2.5
1.25
2.75
2.75

Shortest half

th

75 Percentile
Median
Mean diamond

th

25 Percentile

(a) PSI_k

(b) PSI_b

(c) Pre-PSI

(d) Overlay thickness (in.)

(e) Milling depth (in.)

(f) AADT

Figure 6.3 Distribution of data for the regression analysis
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It can be seen from Figure 6.3 that the two responses, PSI_k and PDI_b have severe
skewness. Logarithmic and exponential transformations were utilized to normalize the
two variables. Figure 6.4 presents the distribution and normal quintile plot of Ln(-PSI_k)
and EXP(PSI_b). It can be seen that the data fall approximately along a straight line
except a little tail on the left indicating a generally normal distribution. Ln(-PSI_k) and
EXP(PSI_b) would be used as responses to build the multiple regression models.
Ordinary linear square method can be used to estimate the model parameters.

(a) Normal quantile plot of Ln(-PSI_k)

(b) Normal quantile plot of EXP(PSI_b)

Figure 6.4 Normal quintile plot of Ln(-PSI_k) and EXP(PSI_b)
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6.3.2

Influence of Factors on Treatment Performance

Multiple linear regression method was employed to investigate the influence of different
factors on the treatment performance models. Investigated predictors include pretreatment PSI, traffic level indicated as AADT, overlay thickness and milling depth. The
slopes (Ln(-PSI_k)) and intercepts (PSI_b) of the linear post-treatment performance
curves were used as the dependent variables. Figure 6.5 shows the results of the two
multiple regression models.

It can be seen from Figure 6.5 that the most significant factor for PSI_k is overlay
thickness, followed by Pre_PSI, milling depth and AADT. Pavement with high pretreatment PSI, thick overlay and deep milling had low deterioration rate, whereas
pavement with high traffic level deteriorate faster. The most significant factor for PSI_b
is Pre_PSI, followed by overlay thickness and AADT. Pavement with high pre-treatment
PSI, thick overlay and high traffic level tended to have high post-treatment PSI. Milling
depth is not a significant factor for post-treatment PSI.
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PSI_k = -EXP (-1.998 - 0.274*Pre_PSI + 2.323e-6*AADT 0.224*Overlay thick. - 0.103*Milling Depth)

PSI_b = Ln (-11.459 + 16.105*Pre_PSI + 5.277e-5*AADT +
2.992*Overlay thick. - 0.858*Milling Depth)

Prediction Profiler
-2.5
-3
-3.5
-4
60
40
20

2.3892

0.8051

3.1023

25910

Overlay

Milling

Pre_PSI

AADT

thickness (in.)

depth (in.)

Figure 6.5 Multiple linear regression results for treatment performance

6.3.3

Identifying Typical Treatment Methods

The multiple regression analyses indicated that overlay thickness and milling depth were
significant factors for treatment performance. By checking the commonly used overlay
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thickness and milling depth as shown in Figure 6.2, typical HMA resurfacing treatment
methods were identified as shown in Table 6.3.

Table 6.3 Classified treatment methods in Region 2
Milling depth (in.)
Value
Level
0
0
0
0
0
0
1.25
1~2
1.25
1~2
1.25
1~2
2.5
>2
2.5
>2
2.5
>2

Total overlay thickness (in.)
Value
Level
1.25
1~2
2.5
2~3
3.75
>3
1.25
1~2
2.5
2~3
3.75
>3
1.25
1~2
2.5
2~3
3.75
>3

Treatment
method
O1
O2
O3
M1O1
M1O2
M1O3
M2O1
M2O2
M2O3

Unit Cost
($/yard2)
$9.4
$18.1
$26.8
$25.5
$34.2
$42.9
$41.6
$50.3
$59.0

Sample no.
125
188
29
88
15
101
10
14
55

Response Unit costs ($/yard2)
Whole Model
Actual by Predicted Plot
100
80
60
40
20
0
0 10 20 30 40 50 60 70 80 90 100
Unit costs ($/yard2) Predicted
P<.0001 RSq=0.53 RMSE=14.799

Parameter Estimates
Term
Intercept
Overlay thickness (in.)
Milling depth (in.)

Estimate
0.7768534

Std Error
2.048693

t Ratio
0.38

Prob>|t|
0.7049

6.93463

0.76063

9.12

<.0001*

12.877766

1.275562

10.10

<.0001*

Prediction Expression

Figure 6.6 Multiple linear regression model for unit construction costs of treatments
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Figure 6.6 shows multiple linear regression model for unit cost ($/yard2) of HMA
treatments. Overlay thickness and milling depth were used as predictors. The cost
information of 225 projects applied in Tennessee from 1995 to 2005 was collected to
build the cost models. Asphalt Index (Figure 3.6) and 5% inflation rate were considered
to calculate the present value of the costs. It can be seen from Figure 6.5 that the unit
costs increase as the overlay thickness or milling depth increase. With the established
cost model for unit costs, the unit costs of the classified treatments were calculated as
shown in Table 6.3 and would be input into HPMA for maintenance strategy analysis.

6.3.4

Determining Performance Classes

Different performance classes can be defined in HPMA for the treatment performance
models. HPMA allow users define at most 4 types of performance classes. Table 6.4 lists
the parameters that can be used to define performance class and the default performance
classes in HPMA. It can be seen that only one class is defined for the environment type.
Although equivalent thickness is used as a pavement structural capacity indicator, HPMA
does not have the equivalent thickness information. The only useful performance class is
traffic level (ESALs). The analyses above show that pre-treatment pavement condition
was a significant factor for treatment performance. Thus, the most recent PSI, PDI and
PQI values are suggested to be used as performance classes. Table 6.5 presents suggested
performance classes as well as the sample numbers for each performance class.
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Table 6.4 The configuration of performance classes in HPMA
Class Parameters
Hwy ID: Route type
Functional Class
Environment Type

HPMA default

Potential significant parameters

1: Tennessee
1: < 10,000
2: 10,000 ~ 90,000
3: > 90,000

Traffic level: AADT
Traffic: ESAL Annual
Thickness (Equiv.)

1: < 300,000
2: 300,000 ~ 1,000,000
3: > 1,000,000
1: < 3
2: 3 ~ 4
3: > 4
1: < 2
2: 2 ~ 3
3: > 3
1: < 3
2: 3 ~ 4
3: > 4

PSI Most Recent
PDI Most Recent
SAI Most Recent

1: < 3
2: 3 ~ 4
3: > 4

PQI Most Recent
Subgrade Modulus
Act. Category Count 1

Table 6.5 Recommended performance classes
Factors
Pre-PSI
AADT

6.3.5

Levels
1: < 2 (1~2)
2: 2 ~ 3
3: > 3 (3~4)
1: 0-10,000
2: 10,000-90,000
3: >90,000

Values
1.5
2.5
3.5
5,000
50,000
120,000

Sample no.
20
211
394
285
295
45

Calibrating Performance Models

Based on the established multiple regression models for post-treatment performance
curves, the slopes and intercepts of the new linear performance curves for the typical
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treatments at suggested performance classes were estimated. Totally, 81 linear
performance curves were developed. The estimated slopes and intercepts are shown in
Appendix A. Figure 6.7 shows the clusters of estimated performance curves based on the
multiple regression results for suggested treatments at different performance classes.
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Figure 6.7 Established PSI performance curves

PSI values at every two years were first calculated by each of the 81 linear models, then
commercial statistical software JMP was used to calibrate the HPMA model as shown in
Figure 6.8. Iterative methods were used to search for the least-squares estimates.
Comparing with linear models, nonlinear models require more preparation with the
specification of the model and initial guesses for parameter values. Parameter O is the
intercept of the curve, which was already estimated by Equation 6.2. Since there are 3
parameters, the nonlinear models were hard to converge. By locking parameter a at 5, the
model converged in gradient much faster. The estimated HPMA model parameters are
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shown in Appendix A. Figure 6.9 shows the calibrated models. Comparing with Figure
6.1, it can be seen that HPMA default performance models are more conservative.

Figure 6.8 Calibrating HPMA models using nonlinear fit function of JMP
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Figure 6.9 Summary of calibrated PSI performance curves
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6.3.6

Validation of Models

The maintenance records of Region 1 office of TDOT include several projects with
detailed treatment information. Those projects were collected to validate the calibrated
models. Figure 6.10 shows the comparison of the calibrated performance curves and the
actual performance data. It can be seen that for most of the classifications, the deviations
of the curves and the actual data are not high.
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(a) Treatment: O1, pre-PSI level = 2, AADT level = 1
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(b) Treatment: O1, pre-PSI level = 3, AADT level = 1

128

(Figure 6.10 continued)
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(c) Treatment: O2, pre-PSI level = 2, AADT level = 1
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(d) Treatment: O2, pre-PSI level = 3, AADT level = 1
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(e) Treatment: O3, pre-PSI level = 2, AADT level = 1
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(Figure 6.10 continued)
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(f) Treatment: O3, pre-PSI level = 3, AADT level = 1

Figure 6.10 Validation of the calibrated performance curves using actual data

6.4 Investigation on PDI and PQI Curves
There are several advantages of using PSI as a pavement performance indicator. PSI
values are easy to measure and collect. Standard pavement profilers have been developed
for routine measurement. The variance of the data is also small. However, PSI values
only reflect the roughness of the pavement, which is only one aspect of pavement
condition. Pavement distress directly influences the pavement riding quality and even the
pavement structural condition, and is also an important indicator of pavement condition.
In HPMA, PDI is calculated based on the extent and the severity levels of distress.

1. The DVs (Deduct Values) which provide the weighting for the relative
importance of the distresses/severity levels in terms of the pavement performance.
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DV = 10 ^ ( a + b * log10(PDA) )

(6.2)

Where, DV = calculated in the ADV_TDV model;
PDA = percent distressed area;
a , b = coefficients which define the shape of each distress at each severity level.

2. The Total Distress Value (TDV) is then calculated as the sum of the individual
distress values:
TDV = ∑DVi

(6.3)

3. The Number of Equivalent Distresses (NED) is calculated as the sum of the ratios
of each distress value to the maximum distress value (DVmax). The DVmax is the
largest DV observed for the data). This can be expressed as:

NED = ∑(DVi / DVmax)

(6.4)

Where, DVi = distress value for distress/severity level;
DVmax = highest distress value observed.

4. The Adjusted Distress Value (ADV) is then calculated from the TDV based on
the NED present.

ADV = 10^(0.0014 - 0.396*log10(NED) + 0.9565*log10(TDV))
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(6.5)

5. The PDI then can be calculated as the function of ADV.

PDI = 5 - ADV

(6.6)

Multiple linear regression method was employed again to investigate the influence of
different factors on the slopes and intercepts of post-treatment PDI curves. Due to the
technique difficulty to identify and evaluate the pavement distress, the amounts of
collected PDI data are not as many as PSI data. The author investigated 2742 HMA
maintenance road sections in the whole state. Only 215 of them have sufficient data to
form PDI curves, 176 (82%) of the 215 road sections show that PDI decrease with the
increase of age, and 60 of 176 road sections have pre-treatment PDI values. Only one of
the 60 road sections has detailed treatment information. Thus, three variables, pretreatment PSI, pre-treatment PDI and AADT, were included in the multiple regression
analysis. Figure 6.11 shows the distribution of the data. Ln(-PDI_k) was used instead of
PDI_k as response.
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(a) PDI_k

(b) Ln(-PDI_k)

(c) PDI_b

(d) AADT

(e) Pre-PSI

(f) Pre-PDI

Figure 6.11 Distribution of data for PDI model analysis

The multiple regression results are shown in Figure 6.12. It can be seen that pavement
with higher pre-PDI had lower post-PDI level and rate of deterioration. Pavement with
higher pre-PSI had lower post-PDI level. Although traffic level is not significant factor
for both post-PDI level and rate of deterioration, pavement with higher traffic level
tended to have higher post-PDI and rate of PDI deterioration. All of the three factors were
used as performance class parameters for PQI models. Figure 6.13 presents the linear PDI
models at different performance classes. Figure 6.14 presents the calibrated PDI models
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for HPMA. The estimated HPMA model parameters are shown in Appendix B. Figure
6.15 shows the default PDI models in HPMA. It can be seen that the real PDI
deterioration curves are similar with the default curves but less conservative.

(a) Multiple linear model for slopes of post-treatment PDI curves
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(Figure 6.12 continued)

(b) Multiple linear model for intercepts of post-treatment PDI curves

Figure 6.12 Multiple regression results of PDI models
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Figure 6.13 Established PDI performance curves
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Figure 6.14 Summary of calibrated PDI performance curves
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Figure 6.15 The default PDI performance curves in HPMA
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To evaluate the pavement condition from different aspects, an overall pavement condition
index combining PSI, PDI is usually developed. TDOT uses Pavement Quality Index
(PQI) as an overall pavement condition index. PQI can be calculated by using the
following Equation when both PDI and PSI are available. Equation 6.7 shows the
formula TDOT used to calculate PQI. Figure 6.16 shows typical PSI, PDI and PQI curves
for 1.25 in. thick overlay with pre-PSI of 1~2 and AADT of 0~10,000. It can be seen that
PDI decrease much faster than PSI and accounts larger proportion of PQI. PQI is the
combination of the PSI and PDI and is considered to be a better overall pavement
performance indicator.

PQI = PDI^0.7*PSI^0.3

(6.7)
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Figure 6.16 Comparison of PDI, PSI and PQI curves in HPMA
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6.5 Test Run of the Strategy Analysis
The established pavement performance models of typical treatment methods at different
performance classes provide a good basis for the maintenance strategy analysis. The
strategy analysis function of HPMA was investigated and tested. The process of decision
making at a project level in HPMA are shown in Figure 6.17. The optimal timing
decision making for a specific road section can be divided into 2 steps:
1. The decision tree selects treatment candidates based on current pavement
condition and the pre-defined rehabilitation trigger values.
2. The historical pavement performance data and defined treatment performance
models will be used as do-nothing performance curve and post-treatment
performance curve respectively to calculate the effectiveness and costeffectiveness. The effectiveness is indicated as PQI areas. The cost-effectiveness
of different treatment candidates applied at different years are different, the
scenario that achieves the highest cost-effectiveness will be selected as the
optimized treatment and application time.
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Specific Road section
Current PSI/PDI/PQI condition
Historical performance data

Rehabilitation trigger
Decision tree
Treatment candidates
Treatment performance models

Cost-effectiveness analysis
(Compare PQI areas)
Optimized treatment and time

Figure 6.17 The methodology of decision making in HPMA (project level)

6.5.1

Application of Established HPMA Models

The following are the steps of defining calibrated pavement performance models in
HPMA:
1. Define performance classes: most recent PSI and AADT.

Figure 6.18 Define Performance classes in HPMA
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2. Define new treatment methods.

Figure 6.19 Add treatment methods into HPMA

3. Input model parameters for all performance classes.

Figure 6.20 Input model parameters in HPMA
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The rehabilitation trigger values at different Functional classes and treatment life limits
also need to be defined. As shown in Figure 6.21, 2.5 was used as the rehabilitation
trigger values at each functional class for this test run of maintenance strategy analysis.
When a pavement reaches the trigger value, it becomes a rehabilitation need. The
remaining service life (RSL) is calculated based on the rehabilitation trigger levels. If the
trigger values are changed, the rehabilitation needs years and remaining life may be
affected. Needs years are initially calculated when the section data view is built.

Figure 6.21 Rehabilitation trigger values for different treatments

Figure 6.22 shows the treatment life limits which define the minimum and maximum
number of years that a treatment will provide in terms of life from treatment until
reaching the rehabilitation trigger value. The life limits are defined separately for PSI and
PDI. The life limits are used to eliminate site-specific models that produce an expected
life outside the defined bounds.
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Figure 6.22 Treatment service life limits

Figure 6.23 shows an example of designed decision tree using calibrated HPMA
treatments. The purpose of setting a decision tree is to select appropriate treatment
candidates based on the current pavement condition. The analyses above suggest that
HMA treatments with milling might not be the most cost-effective. However, milling is
critical to eliminate severe pavement distress. By defining a decision tree, the HMA
treatments with milling can be selected as treatment candidates when the pavement
condition is poor.

The decision tree is composed of two parts: Branches are represented by the green branch
symbol and are used to define decision rules (logic expression); Nodes are represented by
the red Y/N symbol and are used to define decision results (maintenance or rehabilitation
alternatives). Three pavement condition indicators: PSI, PDI and rutting can be used as
branches. The nodes are the typical maintenance treatments. For example, for a road
142

section with PSI of 3.5, rutting depth of 0.55 in., and PDI of 2.3, the suggested pavement
treatment candidates are M1O1, M1O2.

(a) HPMA decision tree function

⎧
⎧
⎧Y : M 2O 2, M 2O3
⎪
⎪Y : PDI ≤ 3.0⎨
⎩ N : M 1O 2, M 1O3
⎪
⎪
⎪
⎪
⎧
⎧Y : M 1O1, M 1O 2
⎪Y : Rutting ≥ 0.5⎪⎨
Y : PDI ≤ 3.0⎨
⎪
⎪
⎩ N : O3
⎪ N : Ruting ≥ 0.25⎪
⎪
⎨
⎪
⎪
⎪ N : PDI ≤ 3.0⎧Y : O3
⎪
⎨
⎪
⎪
⎩N : O2
⎩
⎪
⎩⎪
PSI ≤ 2.5⎨
⎧
⎧Y : M 1O1, M 1O 2
⎪
⎪Y : PDI ≤ 3.0⎨
⎪
⎩ N : O3
⎪
⎪
⎪
⎪
⎧
⎧Y : O 2
⎪
⎪ N : Rutting ≥ 0.5⎨
⎪Y : PDI ≤ 3.0⎨
⎪
⎩ N : O1
⎪ N : Ruting ≥ 0.25⎪
⎨
⎪
⎪
⎪ N : PDI ≤ 3.0⎧Y : O1
⎪
⎪
⎨
⎪
⎪
⎪⎩
⎩ N : unnecessary
⎩
⎩
(b) Designed decision tree

Figure 6.23 Define decision trees in HPMA
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6.5.2

An example of Strategy Analysis

Interstate I-65 in Anderson County was selected for the strategy analysis. The total length
of I-65 in Williamson county is 21.38 miles. It is divided into 22 road sections at each
direction. In HPMA, P (Plus) direction is from west to east or south to north, while M
(Minus) direction is from east to west or north to south. Each road section is 1 mile long
except the last one which is 0.38 mile long (20~21.38). The analysis base year is 2005
and the analysis period is 20 years. Figure 6.24 shows strategy analysis results and the
most cost-effectiveness application time (optimal time) is highlighted. It can be seen that
the most cost-effective strategy for road section M 0-1 mile is to apply 2.5 thick overlay
at 2012. Figure 6.25 presents the do-nothing and post-treatment performance curves for
road section M 0-1 mile.

Figure 6.24 Results of maintenance strategy analysis
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Post-treatment PSI curve
Do-nothing PSI curve

(a) PSI curves

Post-treatment PDI curve
Do-nothing PDI curve

(b) PDI curves
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(Figure 6.25 continued)

Post-treatment PQI curve
Do-nothing PQI curve

(c) PQI curves

(d) All curves

Figure 6.25 Performance curves of analyzed road section
146

6.6 Conclusions and Summary

The performance curves of typical HMA resurfacing treatments used in Tennessee were
calibrated for the PMS system of TDOT. Multiple regression method was employed to
analyze the influence of pre-treatment PSI, traffic level, overlay thickness and milling
depth on the slopes and intercepts of post-treatment linear performance curves. The
specific designs of HMA treatments and performance classes were determined based on
the regression results. Then, the performance curves for each identified treatment
methods at different performance classes were established and the parameters of the
corresponding performance models in the PMS system are calibrated. A test run of
maintenance strategy analysis using calibrated models was also presented. Several
conclusions can be drawn as follows:
1. Pavements with high pre-treatment PSI, thick overlay and deep milling have low
deterioration rate, whereas pavements with high traffic level deteriorate fast.
2. Pavements with high pre-treatment PSI, thick overlay and high traffic level tend
to have high post-treatment PSI.
3. PDI decreases faster than PSI and accounts larger proportion of PQI. PQI is a
better overall pavement condition indicator. Since the amount of PDI data in the
current PMS are not as abundant as PSI, it is recommended to collect more PDI
data for the highway systems in Tennessee.
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PART 7 CONCLUSIONS AND RECOMMENDATIONS

148

7.1 Conclusions

The effectiveness of typical pavement maintenance treatments were evaluated by using
the data collected from HPMA and LTPP database. The influence of different factors on
the effectiveness and cost-effectiveness of treatments were evaluated by the Optime
software and multiple linear regression method. The influence of different factors on the
crack initiation of asphalt resurfacing treatments was analyzed by parametric survival
analysis. The pavement roughness, pavement serviceability index and initiation time of
cracking were used as the pavement performance indicators. The performance curves of
HMA resurfacing treatments used in Tennessee were calibrated by investigating the
influence of different factors on the post-treatment pavement performance curves. Based
on the analysis above, several conclusions can be summarized as follows:

1. Optime analysis on the pavement maintenance projects in Tennessee indicated that
HMA overlay had the highest effectiveness. Due to the relatively low cost, micro
surfacing was the most cost-effective treatment, followed by HMA overlay and mill
& fill. However, mill & fill has the ability to overcome severe pavement distress and
HMA overlay can increase the pavement structure capacity. Micro surfacing may be
inapplicable in some situations.

2. Multiple linear regression analysis on the performance of maintenance treatments
used in Tennessee indicated that the effectiveness and cost-effectiveness decreased
with the increase of traffic level and pre-treatment pavement condition. HMA overlay
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had the highest effectiveness, followed by mill & fill and micro surfacing. Micro
surfacing was the most cost-effective treatment due to its low cost, which agreed with
the results of Optime analysis. The effectiveness and cost-effectiveness decreased
with the increase of traffic level and pre-treatment pavement condition.

3. Analysis of the effectiveness of HMA resurfacing treatments by using LTPP database
indicated that traffic level, pre-rehabilitation roughness, and rate of roughness
increase before rehabilitation have the same effect on both the effectiveness and costeffectiveness, whereas overlay thickness and milling have different effects on the
effectiveness and cost-effectiveness due to the increased costs. Incorporating 30%
reclaimed material does not influence the performance of rehabilitation but will
improve the cost-effectiveness in terms of roughness after rehabilitation and
roughness drop. Pavement with thick overlay, milling before rehabilitation and low
pre-rehabilitation roughness has low roughness after rehabilitation. Pavement with
thick overlay, milling before rehabilitation, and high pre-rehabilitation roughness has
high roughness drop. Thin overlay, high traffic level, and poor pre-rehabilitation
condition increase the rate of deterioration of new overlay. Pavements with thick
overlay and high rate of deterioration before rehabilitation have high benefit. For a
certain rate of roughness increase before rehabilitation, there is an optimized prerehabilitation roughness or treatment application time.

4. Investigation of the initiation time of different cracking of asphalt resurfacing
treatment indicated that high traffic level accelerated the initiation of all the four
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investigated cracks. Thick overlay delayed the initiation of cracking except for the
non-wheel path longitudinal crack, which is mainly caused by poor construction.
Total pavement thickness only retarded the initiation of wheel path longitudinal
cracking. Incorporating 30% reclaimed asphalt pavement in the overlay accelerated
the initiation of early age fatigue cracking; however, it was not a significant cause for
severe fatigue cracking. Severe freeze thaw condition accelerated the occurrence of
the non-wheel path longitudinal and transverse cracks; whereas, mill before overlay
significantly retarded the occurrence of the two types of cracks.

5. Investigation of the treatment performance curves of typical HMA treatments used in
Tennessee indicated that pavements with high pre-treatment PSI, thick overlay and
deep milling have low deterioration rates, whereas pavements with higher traffic level
deteriorate faster. Pavement with high pre-treatment PSI, thick overlay, and high
traffic level tend to have high post-treatment PSI. Investigation on the PDI curves
indicated that PDI decreases much faster than PSI and accounts larger proportion of
PQI. PQI is a better overall pavement condition indicator.

7.2 Recommendations

This study focuses on evaluating the performance of different pavement resurfacing
maintenance treatments and the influence of different factors by multiple regression
methods and survival analysis. Pavement performance data of practical maintenance
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projects were collected to conduct the regression analysis. Future research work is
recommended as follows:

1. Predictors of treatment performance used in the presented study include detailed
treatment methods, pre-treatment pavement condition, traffic level and
environmental condition. Other potential significant variables including pavement
structural index and detailed material properties are recommended to be included
in the effectiveness models.

2. For the survival analysis, this study focused on the initiation of cracks but did not
incorporate the propagation of the cracks. A potential future research area is to
determine an appropriate pavement crack failure threshold so that a survival
model can be developed to analyze the crack propagation. Because of the high
variance of construction quality, pavement structure, and overlay material, the
survival model developed in this study was mainly used to analyze the influence
of different factors but was not able to predict the survival time nationwide. It is
suggested to build survival models at different traffic, environmental, and
highway classifications so that more accurate models can be developed to predict
the failure times.

3. Keeping a detailed record of maintenance history and collecting accurate
pavement performance data are critical for the successful application of PMS for
pavement maintenance decision making. Investigation of the PSI and PDI curves
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of the HMA resurfacing treatments applied in Tennessee indicated that PDI and
PQI are also important pavement condition indicators. In the case that the amount
of PDI data in current HPMA are not as abundant as PSI, it is recommended to
collect more PDI data for the highway systems in Tennessee so that more accurate
PDI models of the treatments can be established and calibrated to support the
maintenance strategy analysis.
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APPENDICES
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Appendix A: Calibrated Parameters for PSI Curves
k and b are the slopes and intercepts of the linear models for different treatments at
different pre-treatment PSI and AADT levels. a, b, c and O are the four calibrated
parameters for the performance models in HPMA.

Treatment
O1
O1
O1
O1
O1
O1
O1
O1
O1
O2
O2
O2
O2
O2
O2
O2
O2
O2
O3
O3
O3
O3
O3
O3
O3
O3
O3
M1O1
M1O1
M1O1
M1O1
M1O1
M1O1
M1O1
M1O1

Pre-PSI
level
1
1
1
2
2
2
3
3
3
1
1
1
2
2
2
3
3
3
1
1
1
2
2
2
3
3
3
1
1
1
2
2
2
3
3

AADT
level
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2

Linear models
k
b
-0.069
2.816
-0.076
2.948
-0.090
3.125
-0.052
3.491
-0.058
3.561
-0.068
3.660
-0.040
3.890
-0.044
3.937
-0.052
4.007
-0.052
3.018
-0.058
3.127
-0.068
3.278
-0.039
3.599
-0.044
3.662
-0.052
3.752
-0.030
3.964
-0.033
4.008
-0.039
4.073
-0.039
3.186
-0.044
3.279
-0.051
3.409
-0.030
3.696
-0.033
3.753
-0.039
3.836
-0.023
4.032
-0.025
4.074
-0.030
4.135
-0.060
2.878
-0.067
3.003
-0.079
3.171
-0.046
3.523
-0.051
3.591
-0.060
3.688
-0.035
3.912
-0.039
3.958
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HPMA models
a
b
5
8.268
5
8.177
5
8.037
5
8.510
5
8.417
5
8.275
5
8.755
5
8.661
5
8.516
5
8.515
5
8.422
5
8.280
5
8.760
5
8.666
5
8.521
5
9.008
5
8.913
5
8.766
5
8.765
5
8.671
5
8.527
5
9.013
5
8.918
5
8.772
5
9.263
5
9.168
5
9.020
5
8.382
5
8.290
5
8.149
5
8.625
5
8.532
5
8.388
5
8.871
5
8.777

c
1.208
1.212
1.220
1.197
1.201
1.207
1.186
1.190
1.196
1.196
1.200
1.207
1.186
1.190
1.196
1.177
1.181
1.186
1.186
1.190
1.196
1.177
1.180
1.186
1.169
1.172
1.177
1.202
1.207
1.214
1.192
1.196
1.202
1.182
1.186

O
2.816
2.948
3.125
3.491
3.561
3.660
3.890
3.937
4.007
3.018
3.127
3.278
3.599
3.662
3.752
3.964
4.008
4.073
3.186
3.279
3.409
3.696
3.753
3.836
4.032
4.074
4.135
2.878
3.003
3.171
3.523
3.591
3.688
3.912
3.958

M1O1
M1O2
M1O2
M1O2
M1O2
M1O2
M1O2
M1O2
M1O2
M1O2
M1O3
M1O3
M1O3
M1O3
M1O3
M1O3
M1O3
M1O3
M1O3
M2O1
M2O1
M2O1
M2O1
M2O1
M2O1
M2O1
M2O1
M2O1
M2O2
M2O2
M2O2
M2O2
M2O2
M2O2
M2O2
M2O2
M2O2
M2O3
M2O3
M2O3
M2O3
M2O3
M2O3
M2O3
M2O3
M2O3

3
1
1
1
2
2
2
3
3
3
1
1
1
2
2
2
3
3
3
1
1
1
2
2
2
3
3
3
1
1
1
2
2
2
3
3
3
1
1
1
2
2
2
3
3
3

3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3

-0.046
-0.046
-0.051
-0.060
-0.035
-0.038
-0.045
-0.026
-0.029
-0.034
-0.034
-0.038
-0.045
-0.026
-0.029
-0.034
-0.020
-0.022
-0.026
-0.053
-0.059
-0.069
-0.040
-0.045
-0.053
-0.031
-0.034
-0.040
-0.040
-0.045
-0.052
-0.030
-0.034
-0.040
-0.023
-0.026
-0.030
-0.030
-0.034
-0.040
-0.023
-0.026
-0.030
-0.018
-0.019
-0.023

4.026
3.069
3.173
3.317
3.628
3.689
3.777
3.984
4.027
4.091
3.229
3.319
3.444
3.722
3.778
3.859
4.051
4.092
4.152
2.936
3.055
3.215
3.554
3.620
3.714
3.933
3.978
4.045
3.117
3.217
3.355
3.656
3.715
3.801
4.004
4.046
4.109
3.271
3.357
3.478
3.748
3.802
3.882
4.070
4.109
4.168
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5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

8.631
8.630
8.537
8.393
8.876
8.782
8.636
9.125
9.030
8.883
8.882
8.787
8.642
9.131
9.036
8.888
9.382
9.286
9.137
8.496
8.403
8.261
8.740
8.647
8.502
8.988
8.893
8.747
8.746
8.652
8.507
8.993
8.899
8.752
9.243
9.148
9.000
8.999
8.904
8.757
9.249
9.153
9.005
9.502
9.405
9.255

1.191
1.191
1.195
1.202
1.182
1.185
1.191
1.173
1.176
1.182
1.182
1.185
1.191
1.173
1.176
1.181
1.165
1.168
1.173
1.197
1.201
1.208
1.187
1.191
1.197
1.178
1.181
1.187
1.187
1.191
1.197
1.178
1.181
1.187
1.169
1.173
1.178
1.178
1.181
1.186
1.169
1.172
1.177
1.162
1.165
1.169

4.026
3.069
3.173
3.317
3.628
3.689
3.777
3.984
4.027
4.091
3.229
3.319
3.444
3.722
3.778
3.859
4.051
4.092
4.152
2.936
3.055
3.215
3.554
3.620
3.714
3.933
3.978
4.045
3.117
3.217
3.355
3.656
3.715
3.801
4.004
4.046
4.109
3.271
3.357
3.478
3.748
3.802
3.882
4.070
4.109
4.168

Appendix B: Calibrated Parameters for PDI Curves
k and b are the slopes and intercepts of the linear models for different treatments at
different pre-treatment PSI and AADT levels. a, b, c and O are the four calibrated
parameters for the performance models in HPMA.

Pre-PSI level

Pre-PDI level

AADT level

1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
3
3
3
3
3
3
3
3
3

1
1
1
2
2
2
3
3
3
1
1
1
2
2
2
3
3
3
1
1
1
2
2
2
3
3
3

1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
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Linear models
k
b
-0.221 5.156
-0.301 5.234
-0.488 5.356
-0.084 4.906
-0.114 4.984
-0.185 5.106
-0.032 4.655
-0.043 4.734
-0.070 4.855
-0.221 5.321
-0.301 5.400
-0.488 5.522
-0.084 5.071
-0.114 5.149
-0.185 5.271
-0.032 4.821
-0.043 4.899
-0.070 5.021
-0.221 5.487
-0.301 5.565
-0.488 5.687
-0.084 5.237
-0.114 5.315
-0.185 5.437
-0.032 4.987
-0.043 5.065
-0.070 5.187

HPMA models
a b
c
5 7.731
1.295
5 7.566
1.325
5 7.244
1.377
5 7.570
1.194
5 7.760
1.229
5 7.779
1.277
5 6.435
1.083
5 6.800
1.114
5 7.376
1.171
5 8.267
1.320
5 7.974
1.345
5 7.508
1.391
5 8.580
1.237
5 8.635
1.267
5 8.400
1.306
5 7.199
1.111
5 7.737
1.152
5 8.413
1.215
5 8.896
1.349
5 8.434
1.367
5 7.793
1.406
5 10.082 1.297
5 9.814
1.315
5 9.149
1.339
5 8.759
1.171
5 9.549
1.223
5 10.066 1.280

O
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
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